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Abstract 
 
 
The absorption of nitrogen oxides in water has important applications in nitric acid 
manufacture and pollution control. The design for optimum absorption efficiency and air 
pollution control has made necessary the installation of large reaction chambers and 
absorption towers for the adequate oxidation and absorption of nitrous gases. The worldwide 
production of weak acid has seen the progression of the process from the use of low through 
medium- to high-pressure technology in the efforts of achieving a more compact construction 
and avoiding the need for catalytic tail-gas treatment in plants with ever increasing capacities. 
Even at high pressures (8 bar), absorption columns employing sieve plates can reach up to 40 
m in height for large-tonnage plants, and the relatively large pressure drop across the plates at 
these pressures leads to high power consumption and increased costs.  
 
As the dimensions of the absorption tower are typically governed by the conditions required 
for NO oxidation and thermal design, intensification of the process via miniaturisation can 
address the issues above through the high surface area to volume ratio offered by 
microreactor technology. The substantial improvement in heat and mass transfer due to the 
increase in effective exchange surface leads to an acceleration of the slow NO oxidation 
reaction and the enhancement of absorption rates. In addition to the development of such 
novel equipment for process intensification, the flow of the process can also be structured to 
improve process efficiency.  
 
An interesting method would be the replacement of the nitrogen ballast typically used in 
industry with steam, as the concentration of the gases upon condensation can lead to 
improved gas phase reaction rates. Furthermore, the provision of increased residence times 
due to the decrease in gas velocity upon condensation also makes the process more efficient. 
In this way, the size of the absorber can be significantly reduced and the high capital and 
operating costs associated with the employment of compressors in high pressure plants can be 
reduced.  
 
The objective of this thesis is to gain a fundamental understanding of the complex behaviour 
of nitric acid production in microchannels and obtain data for the development of a model 
used for process design and optimisation. Experiments on the oxidation and absorption of 
 xviii 
 
nitrogen oxides have been conducted for a wide range of nominal residence times (0.03 – 1.4 
s), gas compositions (5 – 10% NO, 5 – 49% O2, 46 – 82% H2O, balance argon), system 
pressures (2 – 10 bar absolute), mass fluxes (1.5 – 30 kg m-2 s-1), coolant mass fluxes (66 kg 
m-2 s-1 and 341 kg m-2 s-1), and coolant temperatures (23 – 51ºC) in circular tubes with 
internal diameters of 1.4 and 3.9 mm.  
 
Absorption efficiencies of up to 99% have been achieved without the use of counter-current 
flow typically employed in conventional nitric acid plants. The use high steam fractions was 
shown to cause significant improvements in gas phase reaction rates such that the usual 
industrial practice of applying high system pressures to enhance the NO oxidation reaction 
becomes unnecessary. Absorption efficiency can also be increased by increasing system 
pressures, but there are certain limits to which this can be done; a decline in performance may 
result when pressures are increased sufficiently high such that mass transfer becomes 
limiting. In addition to decreasing the tube diameter, increasing both the NO concentration 
and cooling duty also led to improved nitric acid yields.  
 
A simple model of condensing two-phase shear-driven annular flows, in which both laminar 
and turbulent regimes are valid and the vapour-liquid interface is assumed to be smooth, have 
been constructed and compared against experimental data. The model qualitatively captures 
most of the effects observed, but the presence of uncertainties in model parameters and the 
use of particular assumptions on the flow pattern and structure of the interface had to be 
compensated for through the use of a model fitted parameter iAθ . 
 
Larger corrections to the model were required in cases where the fluid was tending towards 
slug or plug flow, such as systems employing high H2O/NO ratios, since the interfacial area 
between vapour and liquid would be larger than that obtained if annular flow was assumed to 
occur under the same conditions. Higher values of iAθ were also found to give better fit to the 
experimental data at short nominal residence times (< 0.10 s) for absorption carried out under 
high system pressures, high oxygen partial pressures or high NO partial pressures, 
presumably due to incorrect representation of the overall heat and mass transfer flux under 
these conditions, among other things such as the parameter uncertainties, the presence of 
interfacial waves and the possibility of a flow regime transition from annular to intermittent 
flow. On the other hand, interfacial area multipliers less than unity were better suited to larger 
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channels due to the possibility of flow stratification which acts to decrease the interfacial area 
and hence the nitric acid yield.  
 
The predictions of the model were subsequently used to determine the operating conditions 
optimal for the production of nitric acid in microreactors on a larger scale. In most of the 
cases considered, the pressure drop across the absorber length was found to be relatively 
small, hence much smaller channels can be utilised for increased absorption efficiency 
without considerable loss in pressure. It was also shown that most of the heat liberated near 
the inlet of the absorber stems from the release of latent heat of condensation, while chemical 
reactions account for most of the heat released downstream of the reactor.  
 
The absorption volume required for the commercial production of nitric acid in 
microchannels was compared against that typically employed by current industrial absorbers. 
The volume of the microreactor system was found to be about 2 orders of magnitude smaller 
than its larger counterpart. Although additional volume may be required for distillation of the 
weaker acid produced from the smaller system, substantial reduction in plant size can still be 
achieved since the volume of the cooler-condenser was excluded from the industrial plant 
calculations while the physical and chemical reactions involved in the cooler-condenser are 
already inherent in the microreactor system.  
 
In summary, the results of the experiments and model simulations have demonstrated that the 
absorption of nitrous gases in microchannels with the use of a steam ballast and close-to-
stoichiometric quantities of oxygen can lead to intensification of the process, thus presenting 
an opportunity for a paradigm shift in nitric acid production.   
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1 Introduction 
 
Process intensification may be defined as any chemical engineering development which aims 
to miniaturise equipment, reduce capital cost, improve inherent safety and energy efficiency,  
and increase product quality. Process intensification via miniaturisation has gained increasing 
importance in chemical, pharmaceutical and life science applications in recent years. 
Miniaturised reaction systems consisting of internal structures with dimensions in the sub-
micrometer to millimeter range are usually termed microreactors.  
 
Owing to their large surface area to volume ratios, microreactors provide more efficient heat 
and mass transfer, which can lead to higher selectivity, yield and product quality. While 
commercialisation of microsystem technology has already been achieved in the field of life 
sciences, only a few industrial implementations of chemical reactor plants (Pennemann et al. 
2004; Wille et al. 2004) have been realised. 
 
Current nitric acid technology has remained unchanged over the past century, employing 
large absorption towers and high system pressures to optimise absorption efficiency and to 
comply with stringent air quality standards. Although high efficiencies (99%) may be 
achieved, intensification of the process through the use of microsystem technology is highly 
desirable as distributed chemical manufacturing (Benson et al. 1993) can then be effectively 
realised.  
 
Not only would the plant be cheaper to build, but storage and transport expenditure can also 
be reduced since the nitric acid products can be supplied on-site. The miniaturised chemical 
plant would also offer higher flexibility in terms of adapting production rates to varying 
demand, in addition to improved safety, better reliability and continuity of supply. A further 
advantage of distributed production is that such plant is transportable by truck or ship to 
stranded resources, thus allowing the technology to operate competitively at smaller scales of 
production. However, the fundamental behaviour of nitric acid production in microreactors 
remains to be understood. It is therefore the aim of this thesis to study and model the 
oxidation and absorption of nitrous gases for nitric acid production in microchannels.   
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Although optimisation of the process would require the production of weaker nitric acid 
solutions (<60% HNO3), industrial-strength acids of higher commercial value can still be 
obtained through distillation of the product up to the azeotropic composition (68.4% HNO3). 
Distillation would inherently be a more compact process compared to the extension of nitrous 
gas absorption with its kinetically limited rate. Furthermore, if the acid is used to make 
ammonium nitrate as it mostly is, then concentration of the solution could be achieved by 
evaporation, which is yet again simpler and more compact.    
 
In Chapter 2, the concept of process intensification is introduced alongside a review of the 
absorption process involved in the production of nitric acid. This review is aimed at 
providing a base for the development of an experimental and theoretical study of the 
oxidation of nitrogen monoxide and the absorption of nitrous gases into water. Chapter 3 
describes the experimental apparatus and procedures employed in the absorption tests. The 
experimental findings are presented in Chapter 4, highlighting the key factors that affect 
efficiency of the absorber. The methodology for the development of a mathematical model 
used in simulations of the condensation and absorption processes is described in Chapter 5. 
Chapter 6 contains a detailed discussion of the simulation results and their validation against 
experimental results. The conditions required for the optimal operation of absorbers are 
suggested in Chapter 7. Finally, conclusions are drawn and future work is recommended in 
Chapter 8. 
 
  3 
2 Literature Review 
2.1 Introduction 
 
The aim of this research is to study the heat and mass transfer of the oxidation and absorption 
of nitrogen oxides in microchannels. The absorption of nitrogen oxides in water is of major 
importance, not only for the manufacture of nitric acid but also for the understanding and 
control of atmospheric pollution. Current nitric acid technology has remained unchanged over 
the past century, employing large equipment and absorption towers. The revolutionary trend 
of process intensification has sparked an interest in the miniaturisation of nitric acid 
production; however, its process behaviour in microstructured systems remains to be 
understood. In this work, the kinetics and equilibria of the reactions are studied under high 
pressures and oxygen-rich conditions, both of which act to increase the process efficiency. 
 
2.2 Nitric Acid  
2.2.1 Properties  
 
Nitric acid (HNO3) is a strong acid and a powerful oxidiser that occurs in nature only in the 
form of nitrate salts (Pratt et al. 1965; Thiemann et al. 2005). It is miscible with water and 
distillation results in an azeotrope with a concentration of 68.4 percent HNO3 and a boiling 
temperature of 120.5°C at atmospheric pressure (Honti 1976; Maxwell 2003). 
 
2.2.2 Uses 
 
Nitric acid is second to sulphuric acid in the world consumption of inorganic acids, with an 
estimated production of about 51 million metric tons in 2006 (Honti 1976; Lauriente 2007). 
Most nitric acid is consumed on-site and wholesale accounts for only about 10% of the total. 
Roughly 65 percent of the world’s nitric acid production is used to make ammonium nitrate 
(AN) for use in fertilisers (Maxwell 2003). Other AN uses, mainly explosives manufacture, 
make up about 15 percent of the market. The balance comprises a variety of non-AN 
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industrial applications, one of which is the use of concentrated nitric acid or dinitrogen 
tetroxide (N2O4)  in missiles and liquid fuel rockets (Pratt et al. 1965; Honti 1976).  
Western Europe, the former USSR, the United States and Eastern Europe dominate the 
market share, having accounted for about 75% of world capacity, production and 
consumption in 2006 (Lauriente 2007). The following pie chart shows world consumption of 
nitric acid by region: 
Western Europe, 
21%
China, 20%
Former USSR, 
20%
United States, 12%
Central Europe, 
10%
Africa, 4%
Central/South 
America, 3%
Middle East, 2%
India, 1%
Canada, 2%
Australia, 1%
Rep. of Korea, 0.7%
Japan, 0.7%
Pakistan, 0.6%
Other, 0.8%
 
Figure 2.1: World Consumption of Nitric Acid – 2006 (Lauriente 2007). 
 
 
2.2.3 Industrial Production 
 
The modern day production of nitric acid is based on the Ostwald process which involves the 
catalytic oxidation of ammonia (Maxwell 2007). Wilhelm Ostwald, a German physical 
chemist, is usually credited with its discovery in 1900, although the basic chemistry had been 
patented some 62 years earlier by Charles Frédéric Kuhlmann (Fant et al. 2006). The process 
was used to make explosives after the Allied blockade cut off the supply of nitrites from 
Chile and other places to Germany during World War I. 
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The Ostwald process involves three main steps (Figure 2.2) (Thiemann et al. 2005): 
 
1) Catalytic oxidation of ammonia with atmospheric oxygen to yield nitrogen monoxide: 
 
O6HNO45O4NH 223 +→+  (2.1) 
 
2) Oxidation of the nitrogen monoxide to nitrogen dioxide or dinitrogen tetroxide: 
 
2 2 2 42NO + O 2NO N O→   (2.2) 
 
3) Absorption of the nitrogen oxides to yield nitric acid:  
 
2 2 33NO  + H O 2HNO  + NO  (2.3) 
 
 
Figure 2.2: Ostwald process (Thiemann et al. 2005). 
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Nitric acid plants can be classified into two types, single pressure plants and dual pressure 
plants. In monopressure (single-pressure) plants, ammonia combustion and NOx absorption 
are carried out under the same working pressure (Thiemann et al. 2005). These include 
medium-pressure (2.3 – 6 bar) and high-pressure (7 – 11 bar) processes. Combustion and 
absorption under low pressures (1 – 2.2 bar) have now become very uncommon.  
 
In dual-pressure (split-pressure) processes, the absorption takes place at a higher pressure 
than combustion. Modern dual-pressure plants currently adopt pressures of 4 – 6 bar for 
combustion and 9 – 14 bar for absorption. Some older plants still employ atmospheric 
combustion and medium pressure absorption.               
       
2.2.3.1 Ammonia Converter 
 
In the ammonia burner (converter), superheated ammonia vapour is reacted with preheated 
air over a suitable catalyst at 800 – 960°C to produce nitric oxide (NO) with 93 – 98% 
selectivity (Reaction (2.1)) (Pratt et al. 1965; Thiemann et al. 2005). The remaining feed 
ammonia is involved in undesirable side reactions which lead to the formation of N2O, H2O, 
O2 and N2. Some ammonia also remains unreacted (Hoftyzer et al. 1972).  
 
The yield of NO is determined by the type of catalyst used (Honti 1976). Platinum catalysts 
have proved most efficient thus far and are still widely exploited (Thiemann et al. 2005). The 
precious metal is usually mixed with 1 – 10% rhodium for added strength and reduction of 
catalyst loss. Oxides of other metals (iron, cobalt and silver) have also been found effective 
as a catalyst for the oxidation reaction, thus enabling its substitution for the highly expensive 
platinum (Honti 1976). However, lower conversions follow and poisoning occurs more 
quickly in the oxide catalysts (Andrew 1985). 
 
2.2.3.2 Gas cooler-condenser 
 
After the combustion of ammonia, the nitric oxide produced is oxidised to nitrogen dioxide or 
dinitrogen tetroxide (Reaction (2.2)) (Pratt et al. 1965; Thiemann et al. 2005). For this step, 
more air (so-called secondary air) is introduced prior to absorption in water (Hoftyzer et al. 
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1972; EFMA 2000). The hot gases leaving the burner must also be cooled in order to promote 
nitrogen dioxide formation, and for heat recovery purposes. The gas cooler-condenser thus 
consists of a vertical tower fitted with external water curtains, shell and tube units, or cascade 
coolers.  
 
Maximum nitric acid concentration can be produced only if the gas entering the absorption 
system has a high degree of oxidation to NO2 (Hoftyzer et al. 1972). This can be achieved by 
allowing the gas phase oxidation to proceed before contacting acid and gas (Andrew 1985). 
However, one complication exists: water is produced from the oxidation of ammonia. This 
water condenses as the temperature in the cooler-condenser is lowered below the dew point 
of the inlet nitrous gas (Hoftyzer et al. 1972; Thiemann et al. 2005). Nitric acid is thus 
formed as nitrogen oxides absorb into this condensate (Pratt et al. 1965; Hoftyzer et al. 
1972). 
 
A high concentration of condensed acid limits the final product concentration as this lowers 
the concentration of nitrous gases entering the absorption system (Honti 1985). Therefore, 
most process designs use rapid coolers with the shortest possible residence time to condense 
the water vapour and produce as weak an acid as possible (Pratt et al. 1965; Andrew 1985; 
Honti 1985). In atmospheric systems the condensate concentration is usually 5 – 15 wt% (4 – 
8% of the total nitric acid production), but with high-pressure systems 50-55% acid 
concentration (40 – 50% of total production) is sometimes unavoidable (Honti 1976). 
Generally, the condensates are pumped into the absorption system at a level where nitric acid 
of the same concentration is produced (Hoftyzer et al. 1972; Honti 1976). The gaseous 
mixture produced from the combustion of ammonia typically consists of approximately 8.5% 
NO, 8.5% unreacted O2, 70% N2 and 13% water vapour (Hoftyzer et al. 1972; Honti 1976; 
Chatterjee et al. 2008).  
 
It is clear that a number of chemical reactions and chemico-physical phenomena occur in the 
condenser (Joshi et al. 1985; Chatterjee et al. 2008):  
(i) nitric oxide oxidation 
(ii) formation of nitrous gases (a mixture of NO, NO2, N2O3 and N2O4) 
(iii) steam condensation, and  
(iv) absorption of nitrogen oxides;. 
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2.2.3.3 Absorption Tower 
 
Absorption can be performed in packed or tray columns (sieve trays or bubble cap trays); the 
most usual construction being plate towers (Hoftyzer et al. 1972; EFMA 2000; Thiemann et 
al. 2005). Here, the nitrous gases are converted to nitric acid in the liquid phase on the trays 
(Reaction (2.3)). Nitrogen monoxide is constantly reformed in this step and must be further 
oxidised prior to re-absorption, thereby preventing complete absorption of the inlet gases 
(Pratt et al. 1965; Thiemann et al. 2005). The two reactions, oxidation and absorption, thus 
occur not only separately (in the cooler-condenser) but also simultaneously (in the absorption 
tower) (Honti 1976).  
 
Reaction (2.3) is strongly exothermic and continuous cooling is therefore required within the 
absorber to remove the heat of reaction (Honti 1976; EFMA 2000). As the conversion of NO 
to NO2 (Reaction (2.2)) is also favoured by low temperature, many of the trays are fitted with 
internal cooling coils (EFMA 2000; Thiemann et al. 2005). The absorption section consists of 
a series of one or more columns where make-up water is added to the top, product acid 
collected from the bottom and gas passed in a counter-current manner (Honti 1976; EFMA 
2000).    
 
2.2.3.4 Bleaching Tower 
 
The acid solution leaving the absorption section is rich in dissolved nitrogen oxides and must 
therefore be bleached (Honti 1976; EFMA 2000; Thiemann et al. 2005). In this process, the 
nitrogen oxides are stripped out with secondary air, mixed with gases leaving the cooling 
section and subsequently recycled to the absorption tower. The gas leaving the absorber, also 
known as tail gas, undergoes heat and energy recovery before being passed to the stack.  
 
The tail gas consists mainly of NOx (100 to 3500 ppmv), N2O (300 to 3500 ppmv), oxygen 
(1 to 4% by volume), water vapour (0.3 to 2% by volume), and nitrogen (balance) (EFMA 
2000). The combined NOx content often ranges between 1000 to 2000 ppm for atmospheric 
absorption, and 200 – 400 ppm for absorption at 8 – 10 bar (Honti 1976). The acceptable 
emission level for NOx (excluding N2O) is typically 100 ppmv for new plants in normal 
operation and 200 ppmv for existing plants. Tail gas reduction methods such as extended 
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absorption with water, non-selective catalytic reduction (NSCR) and selective catalytic 
reduction (Scriven et al.) are often employed in abatement systems following the absorption 
plants.  
 
2.3 Oxidation and Absorption of Nitrogen Oxides 
2.3.1 Mechanism 
 
The absorption of nitrogen oxides in water is a highly complex process, with reactions taking 
place in both gas and liquid phases, and simultaneous mass transfer interchange occurring 
between the phases (Chilton 1968; Sherwood et al. 1975; Miller 1987). Figure 2.3 shows an 
absorption model proposed by Hoftyzer and Kwanten (1972).  
 
Figure 2.3: Absorption Model (Hoftyzer et al. 1972). 
 
 
Many investigators (Chambers et al. 1937; Denbigh et al. 1947; Peters et al. 1955; Wendel et 
al. 1958; Dekker et al. 1959; Koval et al. 1960; Andrew et al. 1961; Weisweiler et al. 1990) 
have studied the absorption process in water or nitric acid. However, the reaction 
mechanisms and rate-controlling steps became clear only more recently. 
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The formation of N2O4 in the gas phase, its mass transfer and reaction in the liquid occur in 
the following sequence (Honti 1976; Miller 1987; Thiemann et al. 2005; Chatterjee et al. 
2008): 
 
( ) ( ) ( )2 22NO g  + O g 2NO g  (2.4) 
( ) ( )2 2 42NO g N O g  (2.5) 
( ) ( )2 4 2 4N O g N O aq  (2.6) 
( ) ( ) ( ) ( )2 4 2 2 3N O aq  + H O l HNO aq  + HNO aq  (2.7) 
( ) ( ) ( ) ( )2 3 23HNO aq HNO aq  + 2NO g + H O l  (2.8) 
 
N2O3 undergoes a similar route (Miller 1987): 
 
( ) ( ) ( )2 2 3NO g  + NO g N O g  (2.9) 
( ) ( )2 3 2 3N O g N O aq  (2.10) 
( ) ( ) ( )2 3 2 2N O aq  + H O l 2HNO aq  (2.11) 
 
with subsequent decomposition of HNO2 via Reaction (2.8).  
 
The component NO2 can also be absorbed and react directly in the liquid phase (Miller 1987): 
 
( ) ( )2 2NO g NO aq  (2.12) 
( ) ( ) ( ) ( )2 2 2 32NO aq  + H O l HNO aq  + HNO aq  (2.13) 
 
However, experimental evidence has shown that only N2O4 is readily soluble in water and 
NO2 may be neglected when considering mass transfer in the liquid phase (Hoftyzer et al. 
1972). 
 
  11 
2.3.2 Chemical Kinetics and Equilibria 
2.3.2.1 Oxidation of Nitric Oxide  
 
The kinetics and equilibrium for the oxidation of NO (Reaction (2.4)) have been studied 
extensively (Bodenstein et al. 1918; Bodenstein 1922; Hasche et al. 1925; Smith 1943; 
Ashmore et al. 1962; Greig et al. 1967; Morecroft et al. 1967; Atkinson et al. 2004). The rate 
of reaction has a negative temperature coefficient, and is first order with respect to O2 and 
second order with respect to NO (Bodenstein 1922; Pratt et al. 1965; Andrew 1985; 
Thiemann et al. 2005). Oxidation is thus favoured by low temperatures and high partial 
pressures of O2 or NO; conversion time being proportional to the square of the total pressure 
(Pratt et al. 1965). Under industrial conditions, the reaction is virtually complete and can thus 
be considered irreversible (Honti 1976).  
 
Nevertheless, the rate of oxidation is rather slow (Honti 1976). A high initial concentration of 
either oxygen or NO will result in an increased rate of oxidation at the start of the reaction, 
but towards the end (i.e. at high oxidation degrees), the reaction slows down considerably as 
the concentration of NO decreases.  
 
2.3.2.2 Formation of Dinitrogen Tetroxide 
 
Nitrogen dioxide rapidly forms an equilibrium mixture with its dimer, dinitrogen tetroxide 
(Reaction (2.5)) (Carrington et al. 1953; Miller 1987; Clarke et al. 2005; Thiemann et al. 
2005). Several authors (Bodenstein 1922; Verhoek et al. 1931; Honti 1976; Chatterjee et al. 
2008) have reported the equilibrium for this dimerisation. The reaction is accompanied by 
significant heat evolution and a considerable decrease in volume (Honti 1976). Thus, low 
temperatures and high pressures shift the equilibrium towards N2O4 formation (Honti 1976; 
Clarke et al. 2005).  
 
In nitric acid plants, dimerisation usually occurs at 200°C, i.e. at a temperature where the 
oxidation of NO is complete under equilibrium conditions (Honti 1976). Since its reaction 
rate is very high compared to the oxidation of NO, the quantity of N2O4 results directly from 
the equilibrium conditions, given the degree of oxidation to NO2. 
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2.3.2.3 Formation of Dinitrogen Trioxide 
 
The gas phase equilibrium for N2O3 formation (Reaction (2.9))  has been reported by 
Hisatsune (1961) and Beattie and Bell (1957; 1963). Increased pressures or reduced 
temperatures displaces the equilibrium to the right (Honti 1976). Despite the rapid rate of 
reaction between NO and NO2, data have shown that even at moderate temperatures, very 
little N2O3 exists in the equilibrium mixture (Chambers et al. 1937).  
 
2.3.2.4 Hydrolysis of Dinitrogen Tetroxide 
 
Upon physical dissolution, N2O4 reacts with water according to Reaction (2.7). As the 
hydrolysis of N2O4 always occurs in a large excess of water, the decrease in water 
concentration near the gas-liquid interface may be neglected, and the reaction can be 
considered pseudo-first order in N2O4 (Wendel et al. 1958; Kramers et al. 1961; Joshi et al. 
1985; Miller 1987). 
 
The overall equation for nitric acid formation may be written from Reactions (2.5) – (2.8): 
 
( ) ( ) ( ) ( )2 2 33NO g  + H O l 2HNO aq  + NO g  (2.14) 
 
Broad studies have been conducted on the equilibrium for this combined effect (Burdick et 
al. 1921; Chambers et al. 1937; Giauque et al. 1938; Forsythe et al. 1942; Denbigh et al. 
1947; Carberry 1959; Chatterjee et al. 2008). The maximum nitric acid concentration that can 
be attained at a given NOx composition is determined by the equilibrium conditions of 
Reaction (2.14) (Hoftyzer et al. 1972; Honti 1976). The Toniolo diagram (Toniolo et al. 
1933) as shown in Figure 2.4 demonstrates that, at atmospheric pressure,  the acid 
concentration may reach only up to a maximum of 65%, above which nitrogen oxides can no 
longer be absorbed. Even a very small quantity of NO impedes the reaction (Honti 1976). In 
practice, absorptions at 1 bar, 3.5 bar and 8 bar can produce maximum concentrations of 
50%, 60-67% and 70-72%, respectively.  
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Figure 2.4: Nomogram for NO2 absorption equilibrium calculations at 25°C and 1 bar 
(Toniolo et al. 1933). 
 
 
2.3.2.5 Hydrolysis of Dinitrogen Trioxide 
 
The kinetics of the hydrolysis of dinitrogen trioxide (Reaction (2.11)) was studied by 
Corriveau (1971) using a wetted sphere absorber. The absorption of N2O3 into water was 
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found to be accompanied by a fast pseudo-first order chemical reaction. Although less soluble 
in water compared to N2O4, it has been shown that N2O3 in solution is much more reactive 
with water. 
 
The equilibrium for this reaction can be derived from the work of Theobald (1968) as a 
function of nitric acid concentration and temperature.  
 
The possibility of a homogeneous vapour phase reaction between nitrogen oxides and water 
still remains unsettled (Wendel et al. 1958; Honti 1976). However, practical evidence appears 
to support the more probable theory of liquid phase reaction only (Honti 1976). 
 
2.3.2.6 Disproportionation of Nitrous Acid 
 
It has been found that the nitrous acid produced by Reactions (2.7) and (2.11) decomposes in 
the liquid phase according to Reaction (2.8) (Abel et al. 1928a; Abel et al. 1928b; Abel et al. 
1928c; Abel et al. 1928e; Carta et al. 1983). The nitric oxide liberated from the reaction then 
desorbs into the gas phase. 
 
The disproportionation of HNO2 occurs via the following mechanism (Abel et al. 1928a; 
Abel et al. 1928b; Abel et al. 1928e): 
 
( ) ( ) ( ) ( )2 2 4 24HNO aq 2NO g  + N O aq + 2H O l  (2.15) 
( ) ( ) ( ) ( )2 4 2 2 3N O aq  + H O l HNO aq  + HNO aq  (2.7) 
 
The elementary Reaction (2.7) is slow and controls the overall rate, while Reaction (2.15) is 
relatively fast and can be regarded as being at equilibrium (Denbigh et al. 1947; Carta et al. 
1983). The reaction rate constant for Reaction (2.8) was derived based on the experimental 
data of Abel and Schmid (1928a; 1928b; 1928c; 1928d; 1928e) as cited by Wendel and 
Pigford (1958). 
 
  15 
2.3.3 Mass Transfer 
 
The overall efficiency of NOx absorption is determined by the reaction rates of both 
Reactions (2.4) and (2.14) (Denbigh et al. 1947). It has been identified that the major rate-
limiting step in the overall absorption mechanism is the gas phase oxidation of NO (Chilton 
1968; Sherwood et al. 1975). The chemical reactions of N2O4 occur rapidly and can be 
assumed to be at equilibrium (Miller 1987; Thiemann et al. 2005). However, a further rate 
limitation is imposed by the mass transfer of N2O4 (Reaction (2.6)). 
 
As the dimerisation of NO2 occurs very rapidly, the consumption of N2O4 by the liquid 
phase (Reaction (2.7)) is governed by the gaseous transport of both NO2 and N2O4 to the 
interface (Hoftyzer et al. 1972; Thiemann et al. 2005). The rate equation for this transport has 
been reported by a few authors (Wendel et al. 1958; Hoftyzer et al. 1972; Weisweiler et al. 
1990). 
  
The process of absorption combined with chemical reaction has been derived for both N2O3 
and N2O4 based on either the film (Chambers et al. 1937; Weisweiler et al. 1990) or 
penetration theory (Wendel et al. 1958; Corriveau 1971; Carta et al. 1983). The analytical 
solution for first-order irreversible reaction based on film theory (Lewis et al. 1924) was 
originally developed by Hatta (1928). Similarly, Danckwerts (1970) formulated solutions for 
the surface renewal approaches, including both the original Higbie (1935) penetration theory 
and the random surface renewal model (Danckwerts 1951). All these solutions reduce to a 
common expression for the rate of N2O3 and N2O4 absorption, in agreement with 
experimental data (Caudle et al. 1953; Wendel et al. 1958; Dekker et al. 1959; Kramers et al. 
1961; Corriveau 1971; Kameoka et al. 1977; Weisweiler et al. 1990): 
 
ijfmnLmjj
iyL
jrxndiff PkJ 



= ˆ,,
ˆ DH ,  j = N2O3, N2O4 (2.16) 
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Where 
iyL
jrxndiffJ , is the diffusion flux at the vapour-liquid interface, jH is the Henry’s 
constant for species j, 
fmn
k ˆ
ˆ  is the forward reaction rate constant for the hydrolysis of species 
j and 
Lmj,
 D  is the diffusivity of species j  in the aqueous mixture. 
2.4 Process Intensification for the Absorption of Nitrogen Oxides 
2.4.1 Process Intensification 
 
As a general rule, larger plants operating at full capacity can make products at a lower cost 
per unit than smaller plants (Hocking 2005). This so-called ‘‘economy of scale’’ factor arises 
because the labour and capital cost per unit of product is lower for a very large plant than for 
a small one. Reduced labour costs result from the fact that if one person is required to manage 
the reactor control system in a small plant; in all likelihood, the person would still be able to 
manage the same system in a large plant.   
 
The lowered capital cost of construction on the other hand, is based upon the following 
exponential relationship (Hocking 2005): 
 
2/3capacity)(plant cost  Capital ∝  (2.17) 
 
Many process industries have adopted this economy of scale as an article of faith for decades, 
which explains the on-going construction of large chemical plants. With regard to the nitric 
acid industry, the design for optimum absorption efficiency (lowest cost-price) and air 
pollution control has made necessary the installation of large reaction chambers and 
absorption towers for the adequate oxidation and absorption of nitrous gases (Burdick et al. 
1921; Hoftyzer et al. 1972). The dimensions of an absorption tower are governed by the 
conditions required for NO oxidation and thermal design (Thiemann et al. 2005). The 
oxidation process is favoured not only by low temperatures and high partial pressures of 
reactants, but also by long residence times, i.e. large gas volumes (Hoftyzer et al. 1972). 
 
As mentioned above, oxidation proceeds more slowly towards the end of the absorption 
system as the NO partial pressures and NO2/NO ratios in the tower gradually decrease 
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(Hoftyzer et al. 1972; Thiemann et al. 2005). To provide the volume necessary for NO 
oxidation, the spacing between plates increases progressively from the bottom to the top of 
the absorber (Figure 2.5) (Hoftyzer et al. 1972; Thiemann et al. 2005). It is this requirement 
for a large gas volume for oxidation, and the need for large interfacial areas for absorption, 
that most modern absorption columns have dimensions measuring up to 6m in diameter and 
80m in height (Hoftyzer et al. 1972; Clarke et al. 2005). Although high efficiencies (99%) 
may be obtained, the large plants are often viewed as being obtrusive.  
 
 
Figure 2.5: Absorption tower (Thiemann et al. 2005). 
 
 
One of the most recent trends however, has been the intensification of processes in many 
major industries (Cross et al. 1986; Benson et al. 1993; Ramshaw 1999; Stankiewicz et al. 
2000; Jachuck 2002; Commenge et al. 2005; Kundu et al. 2008; Reay 2008). Process 
Intensification (PI) refers to the development of complex technologies that replace large, 
expensive, energy-intensive processes with smaller, cheaper, cleaner, safer and more efficient 
plants, or plants that integrate multiple operations into fewer devices (Stankiewicz et al. 
2000; Charpentier 2005; Reay 2008; Tsouris et al. 2008).  
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The technology involved may include novel equipment or techniques, as shown in Table 2.1 
(Stankiewicz et al. 2000; Charpentier 2005): 
 
 
 
 
 
Table 2.1: Process-intensifying Equipment and Methods. 
Equipment Methods 
• Spinning Disc Reactors 
• Monolithic Reactors 
• Microreactors 
• Heat Exchange (HEX) Reactors 
• Printed Circuit Heat Exchangers (PCHE) 
• Compact Heat Exchangers 
• Microchannel Heat Exchangers 
• Rotating Packed Beds 
• Reversed Flow 
• Low-frequency Vibrations 
• Membrane Absorption 
• Adsorptive Distillation 
• Microwaves 
• High Pressure Technology 
 
 
Some of these operating modes may be applied to the intensification of nitric acid production, 
in particular, the use of high pressure technology and process miniaturisation. Both are 
deemed capable of providing favourable conditions (high partial pressures of nitrogen oxides, 
high degrees of oxidation, low temperatures and a large gas-liquid interface) for the 
production of strong nitric acid (Hoftyzer et al. 1972). The microchannel absorption of 
nitrogen oxides under high total pressures and high oxygen partial pressures thus form a basis 
for this research, and are further described below. 
 
2.4.2 High Pressure Absorption  
 
For a given oxidation degree and operating condition, the volume of equipment necessary for 
NO oxidation is inversely proportional to the third power of the total pressure (Honti 1976; 
Andrew 1985; Clarke et al. 2005). Absorption carried out at 8 bar requires a volume about 
500 times less than that at 1 bar (Pratt et al. 1965; Honti 1976; Andrew 1985). Despite the 
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additional wall thickness required, the considerable savings in capital cost explains the 
attraction of enhanced pressures (up to 10 bar) in absorption systems. 
 
Increased pressure also improves absorber efficiency, since the absorption rate is increased 
and the chemical equilibrium is shifted towards the formation of higher acid concentrations 
(Pratt et al. 1965). Modern pressure-absorption systems can achieve efficiencies of 99% 
(King et al. 1960). The acid concentrations produced in medium and high pressure absorption 
units can reach up to 67% and 72% respectively (Pratt et al. 1965).  
 
When high-pressure absorption is employed, nitric oxide cooling and oxidation can be 
undertaken in a single oxidation/absorption column (Pratt et al. 1965). However, the 
additional flexibility and increased acid concentrations provided by separate units are 
considered by some to outweigh the extra capital cost. 
   
It should be mentioned that, although cooling the absorption system to very low temperatures 
does materially decrease equipment size by increasing the reaction rate, it is not nearly as 
effective as a moderate increase in pressure (Taylor et al. 1931). Refrigeration reduces only 
the size of the absorption system, leaving all other units in the plant unchanged. Increasing 
pressure on the other hand, scales down nearly all units in size. Cooling to temperatures as 
low as 0°C is therefore not a very cost effective method. 
 
2.4.3 Absorption under High Oxygen Partial Pressures 
 
Adequate oxygen excess is essential for the oxidation of NO to proceed at a sufficient pace, 
particularly towards the end of the absorber (Andrew 1985). In most current practices, the 
level of oxygen content after the combustion of ammonia is increased by the addition of 
secondary air. The nitrogen present in air, however, acts as a diluent and reduces the 
concentration of nitrogen oxides throughout the absorber. This in turn decreases the oxidation 
and absorption rates, thereby leading to low absorption efficiency. Replacing the air with 
oxygen can overcome this limitation. 
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2.4.4 Process Intensification via Miniaturisation 
2.4.4.1 Microreaction Technology 
 
Microreaction Technology (MRT) can be defined as the design, fabrication, and use of 
miniaturised fluidic systems produced by microtechnology and precision engineering 
(Ehrfeld et al. 2002; Pieters et al. 2007). The decade has seen the development of 
microstructured devices such as microreactors, micropumps, micromixers, microseparators, 
micro-heat-exchangers and microanalysers (Ehrfeld et al. 2002; Klaus Jähnisch 2004; 
Charpentier 2005).  
 
2.4.4.2 Definition of Microstructured Reactors 
 
Microstructured reactors are chemical reactors with three-dimensional structures consisting 
of a number of layers with micromachined channels (~10 – 1000 µm in diameter) 
(Stankiewicz et al. 2000; Ehrfeld et al. 2002; Klaus Jähnisch 2004). The majority of 
microfluidic devices are constructed from single components which mainly perform a unit 
operation such as mixing, heat exchange or separation (Ehrfeld et al. 2002).  
 
Process developments such as chemical kinetic studies and chemical synthesis however, 
generally involve more than one (unit) operation, and as such more complex systems are 
required (Ehrfeld et al. 2002; Charpentier 2005). The combination of multiple functions into 
a single unit has led to the development of integrated microreaction systems. Here, 
components are grouped and assembled to form one complete unit, such that only the ends of 
the device contain macroscopic channels, while the fluid channels in between have diameters 
in the micrometer range. 
 
2.4.4.3 Properties of Microstructured Reactors 
 
Since it is often believed that decreasing plant size increases the capital costs, it seems to 
make no sense to miniaturise reaction systems. Nevertheless, nature always creates 
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substances in extremely small production units, for instance, the living cell can be regarded as 
the most versatile chemical reactor to date (Ehrfeld et al. 2002).  
 
Process miniaturisation can offer various advantages:  
a) Decreasing linear dimensions increases the gradients of physical properties such as 
temperature, concentration, density and pressure (Ehrfeld et al. 2002). The driving 
forces for heat and mass transport thus increase. Furthermore, the surface area to 
volume ratio, and hence the effective exchange surface for heat and mass transfer, 
also increases. The improved heat and mass transfer rates allow reactions under more 
severe conditions with higher selectivity, yield, and product quality (Klaus Jähnisch 
2004). 
 
b) As the volume of the system and its material holdup decrease with the third power of 
the linear dimension, shorter response times can be achieved (Ehrfeld et al. 2002). 
 
c) The hydrodynamic flows in microchannels are mostly laminar, directed, and highly 
symmetric (Klaus Jähnisch 2004). These enable basic physical mechanisms and 
intrinsic kinetics to be applied directly in the simulation and modelling of 
microreactor systems. 
 
d) Reactions performed in small volumes allow easier control over process parameters 
such as pressure, temperature, residence time, and flow rate (Klaus Jähnisch 2004). 
 
e) Because of the flame-arrestor effect in small channels, the hazard potential of 
explosive or strongly exothermic reactions at high operating pressures can also be 
drastically reduced (Ehrfeld et al. 2002; Klaus Jähnisch 2004).  
 
f) Depending on demand, several microstructured reactors or subunits could be 
replicated and connected in parallel to produce multiple products in the required 
amounts (Benson et al. 1993; Ehrfeld et al. 2002; Klaus Jähnisch 2004; Charpentier 
2005). This enables the shift from the present operation of batch process and “scaling 
up” to a new paradigm of continuous process and “numbering up” (Zhao et al. 2005). 
Costly redesign and pilot plant experiments would be eliminated, along with 
dimensionalisation and capacity utilisation problems, thus accelerating the transfer 
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from laboratory to commercial-scale production (Klaus Jähnisch 2004; Charpentier 
2005). Higher flexibility would also be achieved in adapting production rates to 
varying demand, since subunits may be switched off, simply added on, or the manner 
in which they are interconnected may be modified (Ehrfeld et al. 2002). 
 
g) Cheaper plants will result from the use of advanced manufacturing techniques to 
produce a large number of small units, rather than the production of a very small 
number of large units through old fashioned techniques (Benson et al. 1993). 
Assembling smaller numbers of modules at various locations also retains the cost 
advantages of mass production (Ehrfeld et al. 2002). Storage and transport 
expenditure can be reduced, and a distributed production can thus be realised at 
reasonable costs. 
 
h) Reductions in energy usage and environmental impact can be provided by the 
continuous processing solutions due to (Reay 2008): 
• reduced downstream processing as a result of less unwanted by-products  
• larger scope for process heat recovery  
• reduced energy and system losses 
 
Despite the immense benefits of process intensification, several important issues must be 
overcome before its wide commercial use, such as the maturity and economic 
competitiveness of the new technologies in comparison with conventional ones (Charpentier 
2005). Hesitation of industry to use this potential still exists, mainly because of the 
complexity of the technology involved, and the fear of deviating from familiar and reliable 
procedures (Klaus Jähnisch 2004). Nevertheless, it is only a matter of time before these 
barriers are tackled. 
 
For a given production objective, PI and Microreaction Technology represent respectively, 
top-down and bottom-up approaches in the design of an intensified and miniaturised process 
(Akay et al. 2005). These two design approaches can be integrated to provide major benefits 
over current technology.   
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2.5 Conclusion 
 
This review first presented the fundamental concepts behind the oxidation and absorption of 
nitrogen oxides in water, followed by their importance in view of optimising nitric acid 
production efficiency. The employment of high pressures, high oxygen partial pressures and 
process miniaturisation could be the key strategy towards intensification of the process. 
 
The research carried out to date on these reactions has been considerable; however, their 
process behaviour in microstructured systems still remains to be explored. The focus of this 
research will therefore be the development of heat and mass transfer studies on the 
microchannel absorption of nitrogen oxides in water. 
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3 Experimental Setup and Procedure 
 
The aim of this experimental work is to study the oxidation and absorption behaviour of 
nitrogen oxides in microchannels under various pressures (2 – 10 bara) and reactant 
compositions. This chapter describes the experimental setup for this kinetics study, the 
experimental procedures adopted and also the methods of data evaluation. 
 
3.1 Experimental Setup 
 
The experimental apparatus used to conduct the absorption tests is shown in Figure 3.1. The 
absorbing reactor consisted of three straight lengths of circular stainless steel tubes with an 
external diameter of either 3.2 mm (1.4 mm ID) or 6.4 mm (3.9 mm ID). The tubes with 
equal diameters were connected together in series via tube bends of the same material and 
diameters.  
 
Circular holes with a diameter of 1 mm were drilled at regular intervals along the length of 
the straight sections to enable liquid samples to be drawn for analysis.  The holes were drilled 
only through one side of the wall and placed along the same axial line on each tube, as shown 
in Figure 3.2. Capillary tubes with an external diameter of 1.6 mm (0.14 mm ID) were used 
to control the sampling flow rate such that the withdrawal of liquid sample did not perturb the 
downstream flow.  
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Figure 3.1: Process Flow Diagram. 
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Figure 3.2: Dimensions of the absorbing reactor and the locations of the sampling holes. 
 
 
Cooling of the absorbing reactor was achieved through the use of a water jacket surrounding 
the first straight section. The cooling jacket was constructed by encasing the absorber within 
a larger stainless steel tube with an external diameter of 12.7 mm (10.2 mm ID). Cooling 
water from a bath (Thermoline BTC-9090) was pumped counter-currently into the annulus 
between the two tubes. The temperature of the water bath was set within the range of 21 – 
50°C and the release of heat due to reactions was compensated for through the use of another 
loop of coolant running from a water chiller (Summit FC22.4AC). Water from the chiller was 
circulated into copper loops placed inside the water bath to enable heat exchange between the 
bath and the chiller water to occur. Water jackets were not used on the subsequent 
downstream lengths as cooling of the long sections through natural air convection was found 
to be sufficient.   
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The inlet and outlet temperatures of both the absorber as well as the cooling jacket were 
measured using type-K thermocouples with an accuracy of ± 1K. Thermocouples of the same 
type were also mounted along the length of the absorbing tube to measure reaction 
temperatures. Pressure gauges and transducers (Swagelok S Model) were used to indicate 
pressures at the inlet and outlet of the absorber. The pressure transducers, of which the 
accuracy was ± 0.02 bar, were calibrated using a portable multichannel pressure calibrator 
(Druck DPI 602). Data from the thermocouples and pressure transducers were retrieved by a 
data acquisition unit (Agilent 34970A Unit). 
 
A High Performance Liquid Chromatography (HPLC) pump (Waters 515) was used to feed 
de-ionised and degassed water into a sample line electrical heater (M&C TechGroup Type 5-
M) where steam was generated. The temperature of the tube heater was set at 180°C. Oxygen 
was also passed through the tube heater to be preheated and to act as a carrier gas for the 
steam. NO and Ar were preheated separately using 2.0 Ω/m resistance wires encased in 
polytetrafluoroethylene (PTFE) tubes and coiled around the steel gas line. The total flow 
through the absorber was generally 1000 standard cubic centimeters per minute (sccm) 
(standard temperature taken at 21°C and 1 atm). 
 
Reaction products were fed into a separator upon exiting the absorbing reactor to allow the 
liquid phase to collect at the bottom of the vessel and separate from the gaseous products. A 
backpressure regulator was used to control the upstream pressure of the system. 
 
Reactant (NO and O2) and diluent (Ar) gases were controlled using 4 mass flow controllers 
(MFC). The mass flow controllers were calibrated using two DryCal DC-Lite mass flow 
calibrators which have an accuracy of ± 1% of flow in the range 5 sccm – 500 sccm and 0.5 
standard litres per minute (slpm) – 50 slpm. An example calibration chart is presented in 
Figure 3.3. Table 3.1 and Table 3.2 list the different gases used in this study and the flow 
characteristics of each MFC respectively. All the calibrations can be found in Appendix A. 
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Figure 3.3: Calibration curve for 500 sccm MKS mass flow controller 3 using Argon. 
Symbols represent data points; line represents a linear fit to data. 
 
 
  
 
 
The gaseous and liquid products obtained from the reactions were analysed with a range of 
analytical instruments, all of which are summarised in Table 3.3. 
 
Table 3.1: Experimental gases. 
Gas  Specification Supplier 
O2 99.999% Coregas 
NO 5% in He Linde 
NO 99.9% Linde 
N2O 2000ppm in He Linde 
Air Free of CO2 
and H2O 
FTIR sweep 
gas generator 
Ar 99.999% Coregas 
Ar 99.999% Linde 
Table 3.2: Mass Flow Controller 
product numbers, flow range for N2 
and full scale accuracy. 
MFC 1 MKS 1179A 500sccm ±1% 
MFC 2 MKS 1179A 500sccm ±1% 
MFC 3 MKS 1179A 1 slpm ±1% 
MFC 4 MKS 1179A 5 slpm ±1% 
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Table 3.3: Apparatus employed for chemical analysis. 
Species measured Analytical equipment Range of concentration 
NO FTIR 0 – 10000 ppm 
NO2 FTIR 0 – 3000 ppm 
N2O FTIR 0 – 1000 ppm 
H2O 
NO2- 
NO3- 
FTIR 
IC 
IC 
0 – 5000 ppm 
0 – 100 mg/L 
0 – 100 mg/L 
FTIR = Fourier Transform Infrared Spectrometer, IC = Ion Chromatography System 
 
 
The gaseous products leaving the separator were diluted with argon before being passed 
through the gas cell of a Fourier Transform Infrared Spectrometer (Bio-Rad FTS6000). It 
must be noted that N2 and N2O are trace contaminants of the NO supply and do not partake 
in any of the reactions. N2O was therefore used as a gas tracer to determine the total 
volumetric flowrate of the product gas. The liquid products from the separator and sampling 
lines were also collected and weighed individually with an analytical balance (Mettler AE 
166). A diluter (Hamilton Microlab 500 Series) was used to add known quantities of 
deionised water to the acid from each sampling point as a measure to decrease the acid 
concentration and increase the quantity of sample for analysis. The diluted samples were 
titrated with standard solutions of sodium hydroxide to determine the total concentration of 
acid produced. The concentrations of nitrite and nitrate ions in each sample were measured 
using an Ion Chromatography System (Dionex ICS-2000). 
 
The laboratory was equipped with toxic gas sensors (Airmet iTrans dual system) capable of 
detecting NO2 concentrations as low as 25ppm. Most of the experimental setup was housed 
in a specially designed fume cupboard (Eco-tech model 2*1600). 
 
3.2 Acid sampling 
 
In order to ensure that the composition of the acid sample did not change during sampling, it 
was crucial that only the liquid film was drawn from the absorber at the sampling holes, as 
any gas phase that enters the capillary tube would equilibrate with the liquid products, thus 
altering their composition. The sampling was therefore carried out at a flow rate much slower 
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than that of the liquid (~10% of total liquid flow) in the absorber. Control of the sampling 
rate was achieved through the use of capillary tubes.  
 
At the start of each experimental run, the sampling lines were purged with deionised water to 
remove any residual acid left in the tubes from the previous run. Prior to the collection of acid 
samples, the pH of the liquid exiting the sampling tubes was periodically tested with 
universal indicator papers until no changes in pH were observed. This was to ensure that all 
the deionised water had been flushed out from the lines, which would otherwise dilute the 
acid sample. 
 
The acid drawn by the sampling holes was collected into a container which was either empty 
or pre-filled with a known amount of deionised water. In the cases where the container was 
pre-filled, the tip of the capillary tube delivering the acid was immersed beneath the surface 
of the water.  
 
3.3 Analytical Measurements 
 
Among the analytical tools used in these experiments include a Fourier Transform Infrared 
(FTIR) spectroscopy and an Ion Chromatograph (IC). 
 
3.3.1 Infrared Spectroscopy 
 
Infrared spectroscopy is an analytical technique based on the absorbance of infrared radiation 
by a molecule which excites it from one vibrational or rotational level to another. When an 
infrared beam, covering a broad frequency range, is passed through a sample, the energy at 
certain frequencies is absorbed by the sample. The frequencies at which absorption occurs 
correspond to the vibration frequencies of the atoms in the sample molecule. A graph of 
absorbance versus frequency (or wavenumber) is the absorption spectrum of the sample. 
 
The spectrum is characteristic of the particular chemical species, and can be regarded as a 
pattern or “fingerprint” of the molecule. Infrared spectroscopy can therefore be used for the 
identification of molecules (i.e. qualitative analysis). Quantitative analysis can also be carried 
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out using this technique because the intensity of absorption is proportional to the 
concentration of species present, as stated by the Bouguer-Beer-Lambert law.  
 
Symmetrical molecules such as O2, N2 and H2 cannot be detected by infrared spectroscopy 
because they have fewer infrared active vibrations compared to asymmetrical molecules such 
as NO, NO2, N2O and H2O. The weak symmetric vibrations do not lead to a change in the 
dipole moment of the molecule, and hence do not give rise to infrared absorption. The larger 
change in the dipole moments of asymmetrical molecules produces absorption bands of 
higher intensities.  
 
The concentrations of N2 and O2 as utilised in the mass balances of Section 3.5 below were 
therefore determined via a micro-gas chromatograph (Varian CP-4900) and stoichiometric 
calculations respectively.  
 
3.3.1.1 Fourier Transform Infrared Spectrometer (FTIR) 
 
Fourier Transform Infrared (FTIR) spectroscopy in particular, is based on the principle of 
interference between two radiation beams. A signal, known as an interferogram, is produced 
as a function of the change of pathlength between the two beams. The two domains of 
distance and frequency are interconvertible by the mathematical method of Fourier 
transformation. 
 
The composition of the gaseous products leaving the separator was analysed using the Bio-
Rad FTS6000 FTIR, a mid-IR range (400 – 4000 cm-1) spectrometer with a maximum 
resolution of 0.1 cm-1. A single-pass (L = 10 cm) absorption cell with an internal diameter of 
approximately 3 cm, was used. The cell consisted of a hollow polytetrafluoroethylene (PTFE) 
cylinder, both ends of which were capped with KBr windows.  
 
A background measurement was first taken without the sample present. The gaseous products 
were then fed through the absorption cell before another interferogram was measured and 
proportioned against the background spectrum. Measurements were made using 64 scans at a 
resolution of 0.25 cm-1. A typical spectrum is shown in Figure 3.4. 
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Figure 3.4: FTIR spectrum of the outlet gases. Inlet conditions: 15% NO, 7.5% O2, 
77.5% H2O and 2 bar absolute. Measured concentrations: 635 ppm N2O, 9190 ppm 
NO, 194 ppm NO2 and 168 ppm H2O. 
 
 
Identification of the species present in the gaseous product was made by comparing the 
sample spectrum to a standard spectrum of known composition. In order to determine the 
concentrations of the products, a spectral band characteristic to each molecule was isolated so 
that measurement of the area under the peak was possible.  
 
Table 3.4 lists the wavenumber of the peaks selected for each species. 
 
Table 3.4: Wavenumber of the peaks selected for each species detected by the FTIR. 
Species Peak selection (cm-1) 
NO 1884.65 
NO2 1603.00 
N2O 2193.89 
H2O 1496.53 
 
 
NO2 
N2O 
N2O 
H2O 
NO 
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Calibration of the species concentration was carried out by measuring the peak area for 
various known concentrations obtained by diluting the following standard gases: 
 
Table 3.5: Standard gases used in FTIR calibration. 
Species Standard Gas Diluent Specification Supplier Specification Supplier 
NO 5% NO in He Linde 99.99% N2 Coregas 
NO2 5% NO in He Linde Air free of CO2 and H2O 
FTIR sweep gas 
generator 
N2O 
2000 ppm N2O, 
2000 ppm N2 in He 
Linde Air free of CO2 and H2O 
FTIR sweep gas 
generator 
 
 
The calibration H2O was performed via a H2 oxidation method as described by Traversac 
(2007). The peak area for each species was then plotted against concentration. The calibration 
curve for NO is shown in Figure 3.5. Other calibrations can be found in Appendix A. 
 
 
 
Figure 3.5: FTIR calibration curve for NO at 25°C and 1 atm. The concentration of the 
species is given in ppm. 
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3.3.2 Ion Chromatography 
 
Ion chromatography (IC) is an analytical technique used for the detection and quantitative 
determination of inorganic ions and organic compounds in solution, often in concentrations 
of 50 mg/L (ppb) or less. IC falls into the general classification of liquid-solid 
chromatography, in which a liquid mobile phase is passed through a solid stationary phase, 
usually in the form of a packed column. Separation of the sample components occur based on 
their interactions with the stationary and mobile phases. Hence, different sample ions will 
migrate through the column, and subsequently reach the detector, at different rates. Several 
separation modes are possible:  
 
1) Ion-exchange chromatography. 
2) Ion-interaction (or “ion-pair”) chromatography using reversed-phase columns. 
3) Ion-exclusion chromatography. 
4) Miscellaneous separation methods, such as reversed-phase liquid chromatography, the 
use of chelating stationary phases, etc. 
 
Each of these techniques can be coupled with one or more of the following detection 
methods: 
 
1) Conductivity detection 
2) Electrochemical (amperometric or coulometric) detection 
3) Potentiometric detection 
4) Spectroscopic detection 
5) Post-column reaction detection 
 
3.3.2.1 Ion-exchange Chromatography 
 
Ion-exchange chromatography involves the exchange of ions of like charges between an 
insoluble solid matrix (ion-exchanger) and a solution in contact with it. The ion-exchanger 
contains chemically bound cations or anions (fixed ions), and active or counter-ions that will 
exchange reversibly with sample ions without any appreciable physical change in the 
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material. The open and permeable molecular structure of the matrix allows ions and solvent 
molecules to move freely in and out through diffusion or under the influence of an electric 
field. 
 
The concentration of nitrate and nitrite ions in the liquid samples drawn from the absorber 
was determined using the Dionex ICS-2000 Ion Chromatography System, in which the mode 
of separation is ion-exchange chromatography. This method of analysis also enabled traces of 
contamination to be detected. The acid samples were first diluted with known quantities of 
deionised water to concentrations below 100 mg/L before being manually injected into the 
eluent stream of high-purity potassium hydroxide. The sample ions were then resolved in a 
high capacity anion-exchange column (Dionex IonPac AS11-HC) at a controlled temperature 
of 30˚C. 
 
In order to achieve adequate resolution and optimal distribution of chromatographic peaks, 
gradient elution was used, whereby the concentration of potassium hydroxide was varied over 
time throughout the analysis. This allowed the complete detection of all species in the acid 
sample, including any possible contaminants, within a reasonable time frame. An initial 
concentration of 4.5 mM was used for the first 10.4 minutes, after which it was increased to 
15 mM and maintained at this value until the end of the chromatographic run, which totalled 
20 minutes. The eluent flowrate was kept constant at 0.25 ml/min.  
 
Conductivity detection was employed, in which the electrical conductance of the sample ions 
was measured by a conductivity cell and a signal was produced based on a chemical or 
physical property of the ions. A suppressor (Dionex 2 mm ASRS 300) was used to reduce the 
background conductance of the eluent and also to enhance the detection of sample ions. Ions 
were identified based on retention times by comparing the chromatographic peaks of the 
sample ions to those obtained from a standard solution. The concentration of each species 
was then determined by integrating the peak area. An example of the chromatogram is shown 
in Figure 3.6. 
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Figure 3.6: Ion chromatogram for the acid sample drawn from the absorbing reactor at 
a distance of 813 mm from the inlet. Inlet conditions: 15% NO, 7.5% O2, 77.5% H2O 
and 2 bar absolute. Measured concentrations: 2.1 mg/L NO2- and 24 mg/L NO3-. 
 
 
Calibration of the ICS-2000 was carried out using a standard solution (Dionex 7-Anion 
Standard) of varying concentrations and plotting the measured peak areas against the known 
concentrations.  The calibration curve for nitrate ions is shown in Figure 3.7 . All the 
calibrations can be found in Appendix A. 
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Figure 3.7: Calibration curve for NO3- at 25°C and 1 atm. 
 
 
3.4 Analytical Methods 
3.4.1 Titrimetric Analysis 
 
The concentrations of acid produced from the reactions were determined via titration with 
standard solutions of sodium hydroxide. Phenolphthalein, which changes from being 
colourless to pink within the pH range 8.3 – 10.0, was used as the indicator in this strong acid 
– strong base neutralisation to denote the end point of titration. The neutralisation reaction 
occurs according to the following equation: 
 
( ) ( ) ( )+ - 2H aq +OH aq H O l    (3.1) 
 
Standard sodium hydroxide solutions of two concentrations, approximately 0.01M and 0.1M, 
were prepared by dissolving sodium hydroxide pellets (Sigma-Aldrich SigmaUltra >98%) in 
deionised water using a 2L volumetric flask. The pellets could not be obtained pure, since 
sodium hydroxide is extremely hygroscopic and a certain amount of alkali carbonate and 
water was always present. A standard solution of exact concentration was therefore unable to 
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be prepared by dissolving a known mass in a definite volume of water. The sodium hydroxide 
solutions consequently had to be standardised against another reference solution of 
hydrochloric acid prepared from its concentrate (Merck Titrisol for 1000 ml, 0.1M).  
 
The hydrochloric acid concentrates were housed in ampoules, each of which contains a 
precisely defined quantity of the chemical. The contents of the ampoule were carefully 
emptied into a 1L volumetric flask and the residual acid left in the ampoule was thoroughly 
rinsed out with deionised water. The volumetric flask was then filled to the mark with 
deionised water and the solution thoroughly mixed to produce a 0.1M hydrochloric acid 
solution. Another standard solution of 0.01M hydrochloric acid was subsequently prepared 
from the 0.1M solution through the use of a 1L volumetric flask and a pipette (50 ml). 
 
The phenolphthalein solution with a concentration of 0.8% mass/volume was prepared in a 
250 ml volumetric flask by dissolving 2 g of phenolphthalein powder (Sigma-Aldrich P9750) 
in 187.5 ml of methanol and filling the flask up to the mark with deionised water.  
 
The acid samples from the separator and sampling lines were diluted with known quantities 
of deionised water before being titrated with the standardised solutions of approximately 
0.1M and 0.01M sodium hydroxide. Pipettes were used to place 25 ml of each sample 
solution into conical flasks, while 50 ml burettes were filled with the sodium hydroxide 
solutions. Four drops of 1% phenolphthalein solution were added to each conical flask and 
titration was stopped as soon as the colourless solution turned pink. The volume of sodium 
hydroxide solution needed to neutralise each acid sample was recorded and subsequently 
used to calculate the concentrations of the samples.  
 
As this method of analysis was unable to discriminate between the acids present in the 
sample, a total concentration of both the nitrous and nitric acid could only be obtained. The 
titration results were complimented by those obtained from ion chromatography. 
 
3.5 Data evaluation 
 
The product yield of each nitrogen species j ( jX , %) was computed as the ratio of the molar 
concentration of j (in terms of nitrogen equivalence) to the initial molar concentration of NO, 
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 where  n = number of nitrogen atoms in species j  
 x  = distance from the inlet 
 
As the liquid molar flow rate of the acid species k (HNO2 or HNO3) at each sampling point 
could not be determined directly, the product yields were estimated from the acid 
concentrations found in the collected samples. The yield was calculated as the ratio of the 
concentration of k in the sample sample
~
jz to the maximum possible concentration of nitric acid 
attainable at those conditions. The maximum acid concentration is typically the concentration 
at equilibrium 
eqm3NO/3HNO
~
−z , the values of which were obtained through calculations 
performed with a thermodynamic software (OLI Analyzer Studio 3.1). 
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xk , where z
~ is the liquid mole fraction of k  (3.3) 
   
The absorption efficiency was defined as the sum of the nitrous and nitric acid yields in the 
aqueous phase: 
 
xx
XX −− += 3NO/3HNO2NO/2HNO
 efficiency Absorption  (3.4) 
       
A mass balance was also determined for the nitrogen (  totalNC ), hydrogen (  totalHC ) and 
oxygen (  totalOC ) species in terms of the elemental atoms present in each molecule,  
 
3HNO2HNOO2N2NONO2N totalN 22 CCCCCCC ++⋅+++⋅=  (3.5) 
3HNO2HNOO2HO2N2NONO2O totalO 3222 CCCCCCCC ⋅+⋅+++⋅++⋅=  (3.6) 
3HNO2HNOO2H totalH 2 CCCC ++⋅=  (3.7) 
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The experimental errors in the concentrations were estimated based on the reproducibility of 
analytical measurements and the accuracy of experimental equipment. Table 3.5 lists the 
sources of error in this study along with their magnitudes. 
 
Table 3.6: Sources of error in this study. 
Source of error Error 
FTIR 3% 
IC 1% 
Titration 1% 
MFC 
Cylinder composition 
1% 
2% 
 
 
Using sensitivity analysis, the uncertainty in the mole fractions was estimated to be 6%. In 
addition, the mass balance for N almost always closed to within 5%. It is thus reasonable to 
assume a maximum error of 6% in the results.  
  
3.6 Comparison between Methods of Analysis 
 
The results obtained from titrimetric analysis were compared against those from ion 
chromatography for several acid solutions obtained from absorption tests of varying system 
pressures. The liquid samples drawn from the absorber tube were diluted with known 
quantities of deionised water prior to chemical analysis in order to ensure that the acids were 
fully dissociated for detection in the ion chromatography system. The concentration of the 
undiluted sample as drawn from the absorber was then back-calculated using the known 
dilution ratios. Figure 3.8 shows a comparison of the total acid concentrations obtained from 
titration with those obtained from ion chromatography. 
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Figure 3.8: Typical comparison between titration and IC values for the total acid 
concentration of samples obtained from absorption tests. 
 
 
It can be seen that there is good agreement between the results obtained from both analytical 
methods, hence only one set of experimental results for the absorption of nitrogen oxides will 
be presented in the next chapter. 
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4 Experimental Results and Preliminary Discussion 
 
Experiments were carried out to study the parameters that affect absorption efficiency, 
including system pressure, residence time, reactor diameter and configuration, inlet gas 
composition and velocity, and cooling water flow rate and temperature. The results of the 
study are presented in this chapter.  
 
4.1 Introduction 
4.1.1 Experimental Conditions 
 
The experimental approach used in this study was to explore a large range of conditions for 
the absorption of nitrous gas into water, some of which include those currently employed in 
industrial practice. These conditions are summarised in Table 4.1. 
 
Table 4.1: The range of experimental parameters studied for nitrous gas absorption. 
Parameter Range 
Tube Internal Diameter, tubeD  1.4 mm and 3.9 mm 
Absorber Length, tubeL  0.23 – 1.4 m 
Gas Composition 5 – 10% NO, 5 – 49% O2, 46 – 82% H2O, Bal. Ar 
Inlet System Pressure, inTP ,  2 – 10 bara 
Inlet Mass Flux, 
inGT
G
,
 1.5 – 30 kg m-2 s-1 
Inlet Velocity, inGu ,  0.2 – 8.5 m s
-1 
Nominal Residence Time, 
nominalresidence,t  
0.03 – 1.4 s 
Coolant Mass Flux, cG  66 kg m
-2 s-1 and 341 kg m-2 s-1 
Coolant Temperature, cT  23 – 51ºC 
 
The nominal residence time nominalresidence,t is the mean apparent transit time of the fluid 
mixture in the absorber based on the inlet flow conditions: 
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Where 
 x  = distance from the absorber inlet 
 inGM ,  = inlet molecular weight of gas phase 
 R = universal gas constant 
 inGT ,  = inlet gas temperature 
 
The nominal residence time carries no fundamental significance because the fluid mixture 
undergoes expansion and contraction as a result of physical and chemical changes as it travels 
along the absorber. The nominal residence time was used only as an approximation to the true 
residence time such that it forms a basis around which the experimental conditions could be 
varied. The true residence time will be defined later in this chapter. 
 
4.1.2 Disproportionation of Nitrous Acid 
 
An important reaction involved in the production of nitric acid from NOx absorption is the 
disproportion of nitrous acid in solution. It has been found from preliminary tests that the 
method of collecting acid samples upon withdrawal from the absorber can significantly affect 
the kinetics of this reaction and hence the final composition of the liquid products. A brief 
description of the acid sampling system will be given below along with the findings obtained 
from two different methods of sample collection. 
 
4.1.2.1 Reaction Kinetics 
 
Nitrous acid disproportionates in solution according to the following reaction: 
 
( ) ( ) ( ) ( ) ( )+ -2 3 23HNO aq H aq +NO aq +2NO g +H O l  (4.2) 
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The kinetics of the decomposition reaction were studied by Abel and Schmid (1928a; 1928b) 
and the rate of reaction was found to be: 
 
( )42HNOrateReaction LC∝  (4.3) 
 
Nitrous acid decomposition is therefore promoted by higher initial concentrations of nitrous 
acid. Carta and Pigford (1983) have also shown that the rate constant for the reaction 
increases with increasing nitric acid concentration.  
 
4.1.2.2 Acid Sampling System 
 
A typical setup of the acid sampling system is shown in Figure 4.1. As nitric acid forms along 
the inside diameter of the absorber, the liquid was continuously drawn at a fraction (~10%) of 
its total flow rate through a circular hole drilled through one side of the tube wall. Capillary 
tubes were used to control the sampling flow rate and the acid was directed into a sampling 
container.  
 
PT ≥ 2 bara
Liquid in contact 
with NOx gases
PT = 1 bara
Liquid in contact 
with atmosphere
Inlet
Outlet
Condenser
Capillary Tube
Sampling 
Container  
Figure 4.1: Setup of acid sampling system. 
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Upon removal from contact with the gas in the absorber during sampling, HNO2 in the liquid 
will begin to disproportionate according to Reaction (4.2). The extent of this 
disproportionation will increase along the capillary tube as the pressure falls from that of the 
system (≥ 2 bara) to atmospheric pressure (~1 bara). Once the liquid is discharged into open 
atmosphere, the disproportionation will proceed rapidly to completion, leading to a loss of up 
to two-thirds of the nitrous acid contribution to the total acid make according to Equation 
(4.2). 
 
If the gas stream from the absorber is also drawn into the capillary tube along with the liquid 
film, the gas will equilibrate with the liquid in the long sampling line and the composition of 
the products will change during sampling. The kinetic data collected from the system would 
then be inaccurate. Care was therefore taken to ensure that only the liquid phase was sampled 
during the experimental runs. 
 
The hypothesis above was confirmed by studying the decomposition reaction using two 
different methods of acid sample collection. In the first method, the acid drawn from the 
absorber was collected into an empty container after which it was diluted with deionised 
water, typically by a factor of 20 by molar concentration (Figure 4.2). The second method 
involved delivery of the sample into a container pre-filled with deionised water, with the 
outlet of the sampling line immersed below the water surface (Figure 4.3). In this way the 
HNO2 concentration is instantaneously diluted and the disproportionation reaction is 
essentially frozen: 
 
( ) ( ) ( )+ -2 2HNO aq H aq +NO aq    (4.4) 
 
The immediate contact of the solution with water drives Reaction (4.4) forward which leaves 
the nitrous acid component present in the form of nitrite ions. The ions remain in solution for 
longer periods of time because its oxidation to nitrate ions occurs at a much slower rate than 
the disproportionation of the molecular HNO2. This method therefore overcomes or 
effectively slows down the loss in yield of the acid.  
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Empty container
Inlet
Outlet
 
 
Pre-filled with 
deionised water
Inlet
Outlet
 
Figure 4.2: Collection into empty 
container. 
 Figure 4.3: Collection into water. 
 
 
4.1.3 Collection into Empty Container 
 
The collection of acid samples into empty containers prior to dilution with deionised water 
was employed for the experiments conducted at 8 bar absolute with an inlet gas composition 
of 5% NO, 24% O2, 25% Ar and 46% H2O, and inlet mass flux of 17 kg m-2 s-1. With an inlet 
velocity of 2.8 m s-1, a nominal residence time of 0.08 s was obtained. 
 
The time during which the samples were exposed to open air, starting from the collection of 
the first drop of liquid to the time just before dilution with deionised water, has been defined 
as the exposure time, exposuret . Two separate samples were collected for 30 minutes, during 
which the acids were exposed to natural air convection. As soon as sampling was complete, 
one sample was immediately diluted with water as a method of quenching the 
disproportionation reaction ( min 30=exposuret ), while the other continued to be exposed to 
the atmosphere for an additional 20 minutes before the addition of water ( min 50=exposuret ). 
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Figure 4.4 shows the percentage mass of nitrous acid −2/NO2HNO
z in both samples, where 
−2/NO2HNO
z  is defined by: 
 
100(%)
,
2/NO2HNO
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−
−
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L
C
C
z  (4.5) 
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Figure 4.4: Percentage mass of nitrous acid for samples collected into empty containers 
and exposed to open atmosphere for different lengths of time. Samples were obtained 
from experiments conducted at 8 bar absolute with an inlet gas composition of 5% NO, 
24% O2, 25% Ar and 46% H2O, and inlet mass flux of 17 kg m-2 s-1. 
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It can be seen that when left in the concentrated state, the samples contained low levels of 
nitrous acid which implies that the rate of nitrous acid decomposition was fast. The fraction 
of nitrous acid in the samples as analysed upon dilution is equal to that of the undiluted 
samples because the volume of acids present is increased in equal amounts. Hence, dilution 
does freeze the disproportionation reaction of HNO2, but does not change its mass fraction in 
solution. 
 
4.1.4 Collection into Water 
 
Absorption experiments similar to those in Section 4.1.3 were performed at 3 – 10 bar 
absolute with an inlet gas composition of 5% NO, 24% O2, 25% Ar and 46% H2O and inlet 
mass fluxes ranging from 4.3 – 22 kg m-2 s-1. A nominal residence time of 0.08 s as 
calculated from the inlet velocity of 2.8 m s-1 was once again used. The diluted sample was 
analysed for its nitrous acid concentration immediately after collection into the pre-filled 
container (t = 0) and at random intervals thereafter, in between which the sample was left 
exposed to open atmosphere. Figure 4.5 shows the typical nitrous acid decomposition rate for 
a sample drawn from the experiment conducted at 10 bar absolute with an inlet mass flux of 
22 kg m-2 s-1. 
 
It can be seen that the rate of nitrous acid decomposition in the diluted sample is very slow, 
as expected. The equilibrium of Reaction (4.2) is established as the sample travels along the 
long sampling line. Upon exiting the capillary tube, the concentrations of nitrous and nitric 
acids in the sample are immediately reduced. The rate of nitrous acid decomposition thus 
slows down according to Equation (4.3), and is decreased even further due to the strong 
dependency of the reaction rate constant on the concentration of nitric acid present. 
 
The dissociation of nitrous acid into its respective ions (Equation (4.4)) is also favoured when 
the samples are collected in fresh water: 
 
( ) ( ) ( )+ -2 2HNO aq H aq +NO aq    (4.4) 
 
The equilibrium of Reaction (4.4) shifts to the right when water is added, especially when the 
pH of the solution increases above the logarithmic value of the nitrous acid dissociation 
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constant ( 29.3p ≈aK at 25°C). The nitrite ions are relatively stable and do not undergo the 
disproportionation reaction, hence they are left in high concentrations in the solution.  
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Figure 4.5: Typical nitrous acid decomposition rate for a sample collected into 
containers pre-filled with water. The samples were obtained from experiments 
conducted at 10 bar absolute with an inlet gas composition of 5% NO, 24% O2, 25% Ar 
and 46% H2O, and inlet mass flux of 22 kg m-2 s-1. 
 
 
To confirm that the equilibrium of Reaction (4.2) was indeed established in the sampling 
tube, the partial pressure of NO above the solution was calculated from the known nitrous 
acid concentrations and the equilibrium constant of Reaction (4.2) (Carta et al. 1983): 
 
LL
L
CC
CK
P
−+
=
3NOH
3
2HNOeqm
eqmNO  (4.6) 
 
 50 
 
As can be seen from Figure 4.6, the partial pressures of NO were scattered around 1 bar. As 
the pressure of the liquid just before it leaves the capillary tube is close to the atmospheric 
pressure, similar values of the NO partial pressure indicate that the equilibrium of Reaction 
(4.2) was indeed established in the sampling system. 
 
The difference in absorption efficiencies between the two methods of sample collection 
(Section 4.1.3 vs. Section 4.1.4) can be accounted for by the loss of NO to the atmosphere. 
Assuming stoichiometric loss of NO from the nitrous acid in the sample obtained from the 
second method, 
 
method second2HNOmethod second,methodfirst , 3
2
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Figure 4.6: Calculated equilibrium partial pressures of NO established above the acid 
sample in the capillary tube for experiments conducted at 3 – 10 bar absolute with an 
inlet gas composition of 5% NO, 24% O2, 25% Ar and 46% H2O, and inlet mass fluxes 
ranging between 4.3 and 22 kg m-2 s-1. 
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The hypothetical concentration 
methodfirst , LacidT
C was calculated using results obtained from 
the second method for the system at 8 bar absolute with an inlet mass flux of 17 kg m-2 s-1. 
The value was then compared against experimental data obtained from the system in Section 
4.1.3, as shown in Table 4.2. 
 
Table 4.2: Comparison between calculated and experimental acid concentrations for 
absorption at 8 bar absolute with an inlet gas composition of 5% NO, 24% O2, 25% Ar 
and 46% H2O, and inlet mass flux of 17 kg m-2 s-1. 
method second, LacidT
C (wt%) 
methodfirst , LacidT
C (wt%) 
−
22/NOHNO  
−
33/NOHNO  Total Calculated Experimental 
1.75 15.73 17.49 16.27 14.99 
 
The difference of 8.5% between the calculated and experimental value of 
methodfirst , LacidT
C is 
reasonably close to the experimental error of ± 6% in this work, hence the hypothesis stated 
in Section 4.1.2.2 may be justified. 
 
The collection of samples into water has effectively prevented the loss of NO to the 
atmosphere by retarding the decomposition of nitrous acid. Due to its ability to accurately 
capture the kinetic behaviour of the system, this method of sample collection was therefore 
employed in all subsequent experiments. 
 
4.2 Effects of Nominal Residence Time 
 
Absorption experiments were conducted at 8 bar absolute for a range of nominal residence 
times (0.05 – 0.65 s) by varying the inlet mass flux of reactants between 11 – 23 kg m-2 s-1. 
As the inlet gas velocity has very little impact on the absorption efficiency (shown below in 
Section 4.6), it is valid to assume that only the effects of residence time were observed by 
varying the inlet volumetric flow rate. An inlet gas composition of 5% NO, 49% O2 and 46% 
H2O was used, and the inlet velocities ranged between 2.1 m s-1 and 4.6 m s-1. 
 52 
 
Nominal Residence Time (s)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
H
N
O
3/N
O
3-
 Y
ie
ld
 (%
)
0
20
40
60
80
100
H
N
O
2/N
O
2-
 Y
ie
ld
 (%
)
0
5
10
15
20
 
 
Figure 4.7: Effects of residence time on nitrous and nitric acid yield for absorption in a 
1.4 mm ID tube at 8 bar absolute with an inlet gas composition of 5% NO, 49% O2 and 
46% H2O and inlet mass fluxes ranging between 11 and 23 kg m-2 s-1. 
 
 
As can be seen from Figure 4.7, an increase in nominal residence time resulted in an increase 
in nitric acid yield. The nitrous acid yield, however, remained constant until a residence time 
of 0.11 s, after which the value progressively decreased with increasing nominal residence 
time. The achievement of 99% absorption efficiency at a nominal residence time of 0.5 s 
shows that the production of nitric acid in microchannels is indeed viable. However, the 
region of interest lies at short residence times ( s 3.0<nominalresidence,t ), where conversion is 
significantly less than 100%, so that kinetic effects of the system can be discerned. The 
product yields of the acids produced under different experimental conditions will therefore be 
compared at these short nominal residence times to identify the kinetic effects. 
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4.3 Effects of Steam / Diluent Partial Pressure 
 
Absorption experiments with varying steam to NO molar ratios (6.6 – 8) in the inlet gas were 
carried out at a total system pressure of 2 bar absolute and a mass flux of 10 kg m-2 s-1. Nitric 
oxide and oxygen each comprised 10% of the inlet gas composition, with the balance 
composed of argon to maintain the inlet velocity at 8.5 m s-1. Figure 4.8 and Figure 4.9 show 
the influence of steam partial pressure on the nitric and nitrous acid yield respectively. 
Nominal Residence Time (s)
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
H
N
O
3/N
O
3-
 Y
ie
ld
 (%
)
0
20
40
60
80
100
H2O/NO = 6.6
H2O/NO = 7
H2O/NO = 7.5
H2O/NO = 8
 
 
Figure 4.8: Effects of steam partial pressure on nitric acid yield for absorption in a 1.4 
mm ID tube at 2 bar absolute with an inlet gas composition of 10% NO and 10% O2, 0 – 
14% Ar and 66 – 80% H2O and an inlet mass flux of 10 kg m-2 s-1. 
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Figure 4.9: Effects of steam partial pressure on nitrous acid yield for absorption in a 1.4 
mm ID tube at 2 bar absolute with an inlet gas composition of 10% NO and 10% O2, 0 – 
14% Ar and 66 – 80% H2O and an inlet mass flux of 10 kg m-2 s-1. 
 
 
It can be seen that for a given nominal residence time, increasing the steam partial pressure 
increases the nitric acid yield and decreases the nitrous acid formation. The effects were most 
prominent for the case where the steam to NO molar ratio was 8, i.e., when no argon make-up 
gas was introduced into the system.  
 
It must be noted these results also demonstrate the effects of diluents on the product yields. In 
order to obtain high steam to NO ratios, the mole fraction of other gases present in the system 
must be low. The maximum H2O/NO ratio that can be achieved with complete absorption is 
8.25, since a stoichiometric amount of 7.5% O2 is required to fully oxidise 10% NO into 
nitric acid: 
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( ) ( ) ( ) ( )2 2 34NO g +3O g +2H O l 4HNO aq  (4.8) 
 
A steam to NO ratio less than 8.25 would therefore imply the presence of diluents in the form 
of excess oxygen or other non-condensable and non-absorbable inert gases such as argon. In 
the case of high steam fractions (low fractions of diluents), the gas mass flux is substantially 
decreased as condensation and absorption progresses, hence the true residence time of the 
reactants in the absorber can be significantly greater than the nominal residence time. The 
true or corrected residence time is given by: 
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Where  
 x∆ = integration step-size 
Gu = gas velocity 
TP = total system pressure 
Ga = gas flow area 
Gj
n = molar flow rate of gaseous species j 
GT  = gas temperature 
 
However, the local parameters xTP  and xGa  in the experiments are often unknown, hence 
the following assumptions have been employed: 
 
inTxT PP ,≈  (4.10) 
tubexG aa ≈  (4.11) 
 
Where 
 tubea = cross-sectional area of absorber tube 
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The assumption of Equation (4.10) is justified because the measured pressure drop across the 
length of the absorber was generally small (< 700 Pa) such that the axial variation in total 
system pressure can be considered negligible. In the case of assumption (4.11), the liquid film 
thickness is typically 1 − 2 orders of magnitude smaller than the tube diameter (Thome et al. 
2004), hence the area occupied by the gas can be assumed to equal the tube area. GT  can be 
obtained from the experimental measurements. 
 
Rewriting Equation (4.9), 
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The molar flow rate of the unreacted species NO, 
G
nNO , can be estimated from the product 
yields jX of nitrous and nitric acid: 
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Where 
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From Reaction (4.8) and the overall equation for HNO2 formation, 
 
( ) ( ) ( ) ( )2 2 24NO g +O g +2H O l 4HNO aq  (4.14) 
 
The molar flow rate of unreacted O2 in the gas phase can be similarly computed: 
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A re-plot of Figure 4.8 as a function of the corrected residence time is given in Figure 4.10: 
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Figure 4.10: Nitric acid yield plotted as a function of corrected residence time for 
absorption in a 1.4 mm ID tube at 2 bar absolute with an inlet gas composition of 10% 
NO and 10% O2, 0 – 14% Ar and 66 – 80% H2O and an inlet mass flux of 10 kg m-2 s-1. 
 
 
The true residence time calculated in this manner is based purely on the product yields of the 
acids, and not on the physical conditions of the fluid flow. A mathematical model would aid 
in determining this quantity as the use of conservation laws allow the calculation of local gas 
velocities and hence the true residence times of the fluid mixture. 
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4.4 Effects of System Pressure 
 
The effects of pressure on the absorption efficiency of the system were examined by varying 
the total pressure between 2 and 10 bar absolute. An inlet composition of 5% NO, 24% O2, 
25% Ar and 46% H2O was used. The total inlet mass flux (4.3 – 22 kg m-2 s-1) was adjusted 
at each pressure to yield identical residence times of 0.08 s, calculated based on the inlet 
pressure and temperature (150°C). The inlet velocity obtained was 2.8 m s-1. The results are 
shown in Figure 4.11. 
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Figure 4.11: Effects of system pressure on nitrous and nitric acid yield for absorption in 
a 1.4 mm ID tube with an inlet gas composition of 5% NO, 24% O2, 25% Ar and 46% 
H2O, and inlet mass fluxes ranging between 4.3 and 22 kg m-2 s-1. 
 
 
As can be seen from the graph, an increase in system pressure from 2 bara to 6 bara resulted 
in an approximately linear increase in both the nitrous and nitric acid yields. Increasing the 
pressure beyond 6 bara had a very marginal effect on the concentration of nitric acid 
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produced, and even resulted in a decrease in the nitrous acid yield. This result was rather 
unexpected, as conventional nitric acid plants typically employ high pressures to optimise 
absorption efficiencies, since an increase in total pressure improves the gas phase reaction 
rates. 
 
Absorption experiments were also conducted at 4 and 8 bar absolute for a range of residence 
times (0.04 – 0.11s), using an inlet gas composition of 10% NO, 24% O2, 20% Ar and 46% 
H2O.  The inlet mass fluxes ranged between 6.1 and 17 kg m-2 s-1. The results are shown in 
Figure 4.12. 
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Figure 4.12: Effects of system pressure on nitrous and nitric acid yield for absorption in 
a 1.4 mm ID tube at 4 and 8 bara with an inlet gas composition of 10% NO, 24% O2, 
20% Ar and 46% H2O, and inlet mass fluxes ranging between 6.1 and 17 kg m-2 s-1. 
 
 
A trend similar to that found in Figure 4.11 can be observed for a given nominal residence 
time, in which an increase in system pressure increased the production of nitric acid but had 
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little effect on the nitrous acid yield for both pressures. Furthermore, the yield of nitrous acid 
remained unchanged despite the increase in nominal residence times. Nonetheless, the 
concentration of nitrous acid in the sample still decreased with increasing system pressure 
due to the increase in total acid concentration, as shown in Figure 4.13.  
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Figure 4.13: Axial variation of nitrous acid concentration for absorption in a 1.4 mm ID 
tube at 4 and 8 bar absolute with an inlet gas composition of 10% NO, 24% O2, 20% Ar 
and 46% H2O, and inlet mass fluxes ranging between 6.1 and 17 kg m-2 s-1. 
 
 
A comparison between Figure 4.12 and Figure 4.11 shows that for similar nominal residence 
times of approximately 0.08 s, the product yield obtained from the system of Figure 4.12 is 
higher than that obtained from the system of Figure 4.11. This could be due to the increased 
partial pressure of NO which will be discussed in the section below. 
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4.5 Effects of Nitric Oxide Partial Pressure 
 
The effects of nitric oxide partial pressure on the acid yields were examined by varying the 
inlet composition of nitric oxide between 5% and 10%. The compositions of oxygen and 
steam at the inlet were fixed at 24% and 46% respectively, with argon used as the make-up 
gas to maintain equal nominal residence times. The inlet mass flux ranged between 4.3 and 
22 kg m-2 s-1.  
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Figure 4.14: Effects of nitric oxide partial pressure on nitrous and nitric acid yield for 
absorption in a 1.4 mm ID tube with an inlet gas composition of 5 – 10% NO, 24% O2, 
46% H2O and 20 – 25% Ar, and inlet mass fluxes ranging between 4.3 and 22 kg m-2 s-1. 
 
 
It should be noted that this section is a comparison of the results in Figure 4.11 with those of 
Figure 4.12 at a fixed nominal residence time of 0.08 s. Figure 4.14 shows that for a given 
system pressure and nominal residence time, the yield of nitric acid increases and that of 
nitrous acid decreases when the nitric oxide partial pressure is increased. However, at both 
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NO partial pressures, the nitrous acid yield appears to be relatively insensitive to the system 
pressure beyond a pressure of 4 bara. The increase in nitric acid yield can be attributed to the 
combined effects of enhanced NO oxidation rates and increased residence times of the 
reactants in the absorber, each caused by the increase in NO partial pressure and the 
simultaneous decrease in diluent concentrations respectively. 
 
4.6 Effects of Gas Velocity 
 
Inlet mass fluxes of 17 kg m-2 s-1 and 23 kg m-2 s-1 were employed to study the effects of inlet 
gas velocities on the product yields. The flow rates employed yielded velocities of 3.4 m s-1 
and 4.6 m s-1 respectively, calculated based on the inlet pressure of 8 bar absolute. The 
composition of gas used at the inlet was 5% NO, 49% O2 and 46% H2O. 
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Figure 4.15: Effects of inlet gas velocity on nitrous and nitric acid yield for absorption in 
a 1.4 mm ID tube at 8 bar absolute with an inlet gas composition of 5% NO, 49% O2 
and 46% H2O, and inlet mass fluxes of 17 kg m-2 s-1 and 23 kg m-2 s-1. 
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Figure 4.15 shows that the product yields of the two velocities lie in the same line of trend, 
hence it can be concluded that varying the inlet gas velocity does not cause a significant 
change in the product yields. However, further work must be carried out to determine if the 
same trend is also observed at other velocities of significantly different magnitudes. 
 
4.7 Effects of Reactor Diameter 
 
To study the influence of reactor diameter on the reaction products, the acid yield obtained 
from the absorption in a 1.4 mm ID reactor tube was compared against that obtained from a 
3.9 mm ID tube. The experiments were performed at 8 bar absolute with an inlet composition 
of 5% NO, 49% O2 and 46% H2O. Inlet mass fluxes were varied between 1.5 and 23 kg m-2 
s-1 with the gas velocities ranging from 0.2 m s-1 to 4.2 m s-1. 
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Figure 4.16: Effects of reactor diameter on nitrous and nitric acid yield for absorption 
at 8 bar absolute with an inlet gas composition of 5% NO, 49% O2 and 46% H2O, and 
inlet mass fluxes ranging between 1.5 and 23 kg m-2 s-1. 
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The figure above shows that increasing the diameter of the reactor decreased the nitric acid 
yield despite the longer residence times provided. The nitrous acid yield was also increased 
for a given nominal residence time. With the product yields of the acids remaining unchanged 
with residence time, the absorption process in the larger tube may be limited by mass 
transfer. 
 
4.8 Effects of Reactor Configuration 
 
The differences between a horizontal and vertical (downward flow) setup were investigated 
for the system at 8 bar absolute in which the inlet gas was composed of 5% NO, 49% O2 and 
46% H2O, and the inlet mass fluxes ranged between 11 and 23 kg m-2 s-1.  
Nominal Residence Time (s)
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Pr
od
uc
t Y
ie
ld
 (%
)
0
20
40
60
80
100
Vertical
Horizontal
HNO2 HNO3
 
 
Figure 4.17: Effects of reactor configuration on nitrous and nitric acid yield for 
absorption in a 1.4 mm ID tube at 8 bar absolute with an inlet gas composition of 5% 
NO, 49% O2 and 46% H2O, and inlet mass fluxes ranging between 11 and 23 kg m-2 s-1. 
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Figure 4.17 shows that the differences in product yields between the two setups were 
negligible. This is as expected because previous studies (Fukano et al. 1993) have shown that 
the flow patterns in capillary tubes of less than 5 mm – 9 mm ID are not severely affected by 
the flow direction. This is due to the larger effect of surface tension forces compared to that 
of gravitational forces on the flow pattern for a gas-liquid two phase flow in capillaries.  
 
4.9 Effects of Oxygen Partial Pressure 
 
The oxygen to NO molar ratio in the inlet gas was varied between 1 and 9.8 to study the 
effects of oxygen partial pressure on the product yield. The inlet compositions of NO and 
H2O were fixed at 5% and 46% respectively, with argon used as a make-up gas to maintain 
the nominal residence time at 1.1 s, calculated based on the inlet conditions of 8 bar absolute 
and  164°C. The inlet mass fluxes ranged between 11 and 13 kg m-2 s-1. 
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Figure 4.18: Effects of oxygen partial pressure on product yields for absorption in a 1.4 
mm ID tube at 8 bara with an inlet gas composition of 5% NO, 5 – 49% O2, 0 – 44% Ar 
and 46% H2O, and inlet mass fluxes ranging between 11 and 13 kg m-2 s-1.  
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Figure 4.18 shows that when the total system pressure and nominal residence time are kept 
constant, a higher partial pressure of oxygen increases the nitric acid yield and decreases the 
nitrous acid yield. 
 
Similar experiments with varying nominal residence times (0.05 – 0.16s) were also carried 
out, in which the inlet gas was composed of 10% NO, 10 – 24% O2, 0 – 14% Ar and 66% 
H2O. The study was conducted at a total system pressure of 2 bar absolute, an inlet mass flux 
of 10 kg m-2 s-1 and an inlet velocity of 8.5 m s-1. 
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Figure 4.19: Effects of oxygen partial pressure on nitrous and nitric acid yield for 
absorption in a 1.4 mm ID tube at 2 bar absolute with an inlet gas composition of 10% 
NO, 10 – 24% O2, 0 – 14% Ar and 66% H2O, and an inlet mass flux of 10 kg m-2 s-1. 
 
 
As can be seen from Figure 4.19, the increase in nitric acid yield and decrease in nitrous acid 
production agree with the results portrayed in Figure 4.18, and the trends persisted 
throughout the entire range of residence times investigated. The increase in nitric acid yield is 
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most likely due to the acceleration of the NO oxidation reaction and less likely due to an 
increase in the true residence time of the reactants in the absorber. With the use of equal 
H2O/NO ratios in both cases, the amount of non-condensables remaining in the gas phase as 
absorption progresses should not differ significantly between the two systems. This 
hypothesis can be verified through the use of a mathematical model. 
 
4.10 Cooling water 
4.10.1 Water flow rate 
 
The absorption efficiency of the system at 8 bar absolute was determined for two cooling 
water flow rates of 0.3 L min-1 and 1.5 L min-1. The inlet gas had a composition of 10% NO, 
24% O2, 20% Ar and 46% H2O, with a mass flux of 30 kg m-2 s-1and a velocity of 8.0 m s-1.  
 
As can be seen from Figure 4.20, increasing the flow rate of the water coolant improved the 
nitric acid yield, but had little impact on the nitrous acid yield except at short nominal 
residence times.  
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Figure 4.20: Effects of cooling water flow rate on nitrous and nitric acid yield for 
absorption in a 1.4 mm ID tube at 8 bar absolute with an inlet gas composition of 10% 
NO, 24% O2, 20% Ar and 46% H2O, and an inlet mass flux of 30 kg m-2 s-1. 
 
 
4.10.2 Water temperature 
 
The coolant temperature was also varied between 23°C and 51°C to study its effects on the 
product yield. The experimental runs were conducted at a total system pressure of 2 bar 
absolute and a residence time of 0.03 s, as calculated from an inlet velocity of 8.4 m s-1. The 
inlet mass flux was 9.2 kg m-2 s-1 and the gas was composed of 10% NO, 8% O2 and 82% 
H2O.  
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Figure 4.21: Effects of cooling water temperature on nitrous and nitric acid yield 
absorption in a 1.4 mm ID tube at 2 bar absolute with an inlet gas composition of 10% 
NO, 8% O2 and 82% H2O, and an inlet mass flux of 9.2 kg m-2 s-1. 
 
 
Figure 4.21 shows that increasing the cooling water temperature decreases both the nitric and 
nitrous acid yield. These results and those of Section 4.10.1 are in agreement with the 
findings of other investigators (Taylor et al. 1931; Hupen et al. 2005)  that increasing the 
cooling duty leads to increased heat transfer rates and hence improved absorption rates. 
 
4.11 First-Order Kinetics 
 
In the foregoing sections, data have been presented for a wide range of conditions. The trends 
observed are generally explicable but are not easily quantified, in particular because the 
extent of non-condensable and non-absorbable gas in the mixture has a profound impact on 
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the reaction time available for oxidation of NO to NO2 and for absorption of N2O3 and N2O4 
into water. 
 
In Section 4.3, it was shown that the definition of the true or corrected residence time is 
dependent on the local velocity. As condensation and absorption of the gases occur, the total 
gas mass flux, and hence the local gas velocity, decreases along the length of the absorber. 
The time during which the gas is in contact with the liquid therefore increases, thereby 
promoting further reactions to occur between phases. It is of great interest to determine the 
relationship between the fraction of unreacted NO in the gas stream and the true residence 
time. Plotting the logarithm of the unreacted NO fraction against the true residence time 
correctedresidence,t  appears to collapse all the experimental data points onto a relatively straight 
line as shown in Figure 4.22. 
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Figure 4.22: First-order kinetic approximation of the absorption of nitrogen oxides for 
all data. 
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Although comprised of many complex processes, the absorption of nitrogen oxides appears to 
be well represented by first-order kinetics, as indicated by the relationship above in Figure 
4.22. This simple first-order kinetic model has managed to capture most of the effects 
observed over the wide range of conditions employed in the experiments: 
 
Table 4.3: Experimental conditions to which the first order kinetic model was applied. 
Parameter Range 
Passage Internal Diameter, tubeD  1.4 – 3.9 mm 
Inlet System Pressure, inTP ,  2 – 8 bara 
Inlet NO mole fraction 5 – 10% 
H2O/NO 6.6 – 7.5 
O2/NO 1 – 9.8 
Inlet Mass Flux, 
inGT
G
,
 1.5 – 30 kg m-2 s-1 
Coolant Mass Flux, cG  66 – 341 kg m
-2 s-1 
 
 
Although a crude correlation between the two system parameters has been provided, the 
model does not offer any significant analysis of the fundamental behaviour of nitrous gas 
absorption in this system. A higher-order model is therefore required to identify the important 
kinetic parameters that govern this process. The development and implementation of this 
mathematical model will be presented in the next chapter. 
 
4.12 Conclusion 
 
This experimental study has successfully highlighted the factors which influence the product 
yields of an absorber system. An increase in total system pressure, residence time, oxygen 
partial pressure, nitric oxide partial pressure, steam partial pressure and cooling water flow 
rate, together with a decrease in reactor diameter and coolant temperature, all lead to 
improved absorption efficiencies. The inlet gas velocity and reactor configuration had very 
little impact, if any, on the acid yields. Computer simulations are required to explain the 
responses of the system to these parameters and also to predict its behaviour without the need 
for further experimental work. A simple first order kinetic model has been shown to be 
capable of representing the general trend in behaviour of the absorption process, but a higher-
order model is necessary if the fundamental behaviour of the system is to be understood. 
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5 Kinetic Modelling and Methodology 
 
This chapter describes the construction of a mathematical model for the absorption of 
nitrogen oxides in microchannels. Separate equations of change were written for the gas and 
liquid phases, with film theory used to consider interfacial mass and heat transfer between the 
phases. The conservation equations were solved with the relevant diffusion kinetics, chemical 
reactions and boundary conditions to obtain the flow behaviour of the system.  
 
5.1 Kinetic Modelling and Model Implementation 
5.1.1 Kinetic Modelling 
 
Kinetic models can be defined as mathematical formulations designed to study chemical rate 
processes in a particular real-world system or phenomenon. The formation of nitric acid in 
the absorber is a highly complex process, involving the simultaneous condensation of steam, 
the formation of nitrous gases, and the interactions of the nitrogen oxides with water. A 
model is needed to gain fundamental understanding of the behaviour of the system.  
 
5.1.2 Model Implementation 
 
A mathematical model capturing the thermal, transport and chemical behaviour of a 
miniaturised absorber system was developed using the Microsoft Office Excel 2007 software 
package (version 12.0, build 6545). Iterative calculations were used, in which mathematical 
functions were recalculated repeatedly until a specific numeric condition was met. The 
precision of the calculations used in this model was set to an accuracy of 0.1% and 
convergence was managed through the use of damping coefficients which help reduce large 
fluctuations in the system variables.  
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5.2 Model Description 
 
The system under consideration is that of two-phase fluid flowing cocurrently in annular flow 
through a horizontal circular microchannel in which physical and chemical reactions occur 
simultaneously. The channel, with an internal radius of tubeR and external radius of 
tube,outerR , is cooled with water flowing counter-currently at a constant temperature of cT , as 
shown schematically in Figure 5.1. With reference to the Cartesian coordinate system, the 
one-dimensional model is based on annular flow with both the vapour and liquid flowing 
along the x-coordinate. The foundation of the model is based on the simulation work of Baird 
et al. (2003) which has been validated against an experimental data set of more than 2000 
points. 
 
Tc
Tc
Coolant
Rtube,outer
Rtube
Fluid Flow x
y
 
Figure 5.1: Schematic diagram of experimental absorber. 
 
 
5.3 Condensation 
 
A mixture of steam, nitric oxide, oxygen and in some cases, an inert, such as argon or 
nitrogen, enters the absorber at uniform values of velocity inGu , , total pressure inTP , , 
temperature inGT ,  and vapour quality inx′ . The inlet molar fluxes of the reactants are denoted 
inGinGinG
JJJ
,2O,NO,O2H
,, and 
inG
J
,Ar
respectively. The inlet gas is often superheated, 
whereby the temperature of the vapour is above the saturation temperature at the reactor 
pressure TP . Condensation of the water vapour will occur if the temperature of the heat 
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transfer surface (inner wall) innerwT ,  is below the vapour saturation temperature. In some 
cases, the vapour has to be cooled from its bulk temperature 
bulkG
T  to the interface 
(saturation) temperature iT  before condensation occurs at the interface. This form of 
reduction in gas temperature is often termed “wet-wall desuperheating” and indicates that 
conditions at the wall favour condensation despite the fact that the bulk vapour is 
superheated.  
   
On the other hand, if the vapour temperature is sufficiently high such that the wall 
temperature is above the saturation value, direct cooling of the vapour will occur (dry-wall 
desuperheating) until a point along the absorber where the wall temperature is allowed to 
reach the saturation temperature. Hence, the condensation process may first begin with dry-
wall desuperheating, followed by wet-wall desuperheating, then saturated condensation and 
finally liquid subcooling. Only the last three processes are considered in this model as 
sufficient cooling was provided in the experiments to maintain the wall temperature well 
below the saturation temperature of the vapour, thus avoiding dry-wall desuperheating.  
 
5.3.1 Film-wise Condensation 
 
Film-wise condensation was assumed to be the mode of condensation in this model. Here, a 
continuous liquid film forms on the heat transfer surface and grows in thickness as the vapour 
condenses along the length of the absorber. Heat must be transferred away from the vapour 
through the film of liquid as condensation occurs. In view of wet-wall desuperheating, it was 
assumed that condensation starts immediately at the inlet of the absorber and that the surface 
has already been coated with a thin layer of liquid film. This coating of liquid has been 
arbitrarily assigned to constitute 0.1% of the inlet mass flux, which means that the inlet gas 
typically has a vapour quality of 0.999. 
 
The fundamental analysis of film condensation from a pure single-component saturated 
vapour was pioneered by Nusselt (1916; 1916). The analysis originally applied to laminar 
flow of a condensing film on a vertical surface, without the consideration of inertia forces and 
energy convection. Sparrow and Gregg (1959) approached the problem using boundary layer 
analysis,  without neglecting energy convection and momentum changes in the liquid film. 
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Their simulations showed that the inertia effects on heat transfer were negligible for fluids 
with Prandtl numbers near unity.  
 
5.3.2 Annular Flow 
 
Much of the literature for two-phase flow patterns focuses on tubes with relatively large 
diameters (>8 mm) in which the flow is either adiabatic (Govier et al. 1962; Mandhane et al. 
1974; Taitel et al. 1976; Weisman et al. 1979) or condensing (Traviss et al. 1973; Breber et 
al. 1980; Sardesai et al. 1981; Soliman 1982; Tandon et al. 1982; Soliman 1986; El Hajal et 
al. 2003; Thome et al. 2003). Studies on two-phase adiabatic flow in microchannels (< 3 mm) 
are also becoming increasingly prevalent in literature (Suo et al. 1964; Brauner et al. 1992; 
Fukano et al. 1993; Coleman et al. 1999; Triplett et al. 1999; Niu et al. 2009). However, flow 
regime maps for condensing flow in small diameter channels still remains rather scarce 
(Dobson et al. 1998; Begg et al. 1999; Coleman et al. 2003; Garimella 2004).  
 
Annular flow is characterised by a film of liquid annulus flowing along the circumference of 
the tube wall and a gas core in the centre, as shown in Figure 5.2. All the liquid is assumed to 
flow in the annulus, with no entrainment of liquid droplets in the gas core. Condensation 
studies conducted by Garimella (2004) have shown that as the hydraulic diameter decreases, 
the annular flow regime becomes extended in size and eventually dominates the flow pattern 
map when the diameter reaches 1 mm. As tubes with internal diameters of ~1 mm were used 
in this work, annular flow was therefore assumed to be the prevailing flow pattern existing 
over the entire absorber length. Due to the great similarities between condensing and 
adiabatic two-phase flows, and the sparse information on condensing air-water flows in 
microchannels, the validity of this assumption was verified against non-condensing flow 
patterns. On the basis of superficial gas and liquid velocities obtained from the experiments, a 
majority of the flow conditions lie in the annular flow regime, with the possibility of a 
transition to slug or plug flow at the end of condensation.  
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Figure 5.2: Gas core surrounded by liquid film in annular flow. 
 
 
Regardless of the transition in the flow pattern, correlations based on the annular flow model 
have been quite successful in predicting condensing pressure drop and heat transfer 
coefficients in microchannels (Hurlburt et al. 1999; Baird et al. 2003; Thome et al. 2003; 
Bandhauer et al. 2006). Furthermore, the tendency for a coating of liquid to develop around 
the circumference of the tube is expected to be higher for condensing flows (at most 
combinations of mass flux and quality) than adiabatic flows (Coleman et al. 1999; Garimella 
2004). This flow model would therefore serve as a reasonable basis for the current analysis. 
 
5.3.3 Shear-controlled Condensation 
 
The transition between flow patterns in microchannels is different from that found in larger- 
diameter tubes, primarily because of the differences in relative magnitudes of gravity, shear, 
viscous and surface tension forces between the two. Gravitational forces have been found to 
be of little significance in small channels (Kawahara et al. 2002; Serizawa et al. 2002; Chung 
et al. 2004; Garimella 2004). Furthermore, in consideration of the annular flow regime where 
the interfacial shear stresses dominate over the gravitational forces, it was assumed that the 
influence of gravity on the liquid phase is negligible in this model, i.e. the condensation is 
“shear-controlled”. This then implies that in horizontal tube absorbers, the thickness of the 
annular film on the inner tube wall is symmetric without the formation of a “pool” or 
stratified layer at the bottom of the tube.  
 
 77 
 
The interfacial shear between the high-speed vapour flowing over the slow moving liquid 
often generates surface waves at the liquid-vapour interface. The interfacial waves have an 
important influence on the pressure drop and also on the mass and heat transfer within the 
system. However, for simplification, the assumption of a smooth interface has been made in 
this model.  
 
5.3.4 Flow Regimes 
 
Both laminar and turbulent flows have been taken into account in this model. The transition 
between the two regimes is assumed to occur at a gas Reynolds number 
( )
G
LtubeG
G
DG
µ
δ2Re −=  of 2100 and a liquid Reynolds number 
L
tubeL
L
DG
µ
=Re  of 1600. 
This criterion for liquid turbulence may not necessarily be true, as shear-driven flows have 
been known to become turbulent at film Reynolds numbers as low as 70 (Rohsenow et al. 
1956). In this work, laminar conditions prevailed in all the experiments, with the liquid 
Reynolds numbers always having values much smaller than 70. Although the transition to 
turbulence was not utilised in the simulations, further studies should be conducted to 
determine the onset of transition for model refinement. 
 
5.4 Equations of Change 
 
Once the possible flow patterns developed during the experiments have been identified, the 
governing equations which describe the conservation of mass and energy and the transfer of 
momentum can be developed. The macroscopic equations for multiphase systems can be 
formulated from one of two general flow models: (1) the homogeneous flow model, also 
known as the mixture or diffuse model and (2) the multi-fluid model. The latter has been 
chosen to represent the behaviour of flow in this work. 
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5.4.1 Two-fluid Model 
 
Since only two phases were present in this system, the multi-fluid model adopted can be 
referred to as the two-fluid model. Here, the basic assumption is that the phases flow in two 
separate streams (liquid and vapour) and interactions may occur between them through their 
common interface. This typically reflects the situation in annular flow. Separate equations of 
continuity, motion and energy were written for each phase within a multiphase control 
volume, but they could also have been combined to give overall balance equations. Rate 
equations that account for the transfer of momentum, mass and energy between phases were 
defined such that each phase had matching conditions at the interface. These equations were 
solved simultaneously and in conjunction with boundary conditions to obtain the pressure, 
temperature, velocity and concentration profiles for each phase or species present in the 
system.  
 
In this model, each phase was assumed to travel at its own velocity and temperature, but the 
pressure difference between them was neglected. A simpler version of the two-fluid model is 
the separated flow model, which assumes equal temperatures and pressures for both phases, 
but retains the assumption that the velocities differ. 
 
5.4.2 Condensation and Absorption in the Presence of Non-condensable 
and Non-absorbable Gases 
 
In the production of nitric acid, the gases entering the absorber from the ammonia combustor 
consist of NO, oxygen, nitrogen and water vapour. With the exception of steam, these gases 
and their reaction products are non-condensable at the prevailing operating temperatures and 
pressures of the absorber. Furthermore, nitrogen and oxygen can also be considered non-
absorbable as their relative solubilities in aqueous solutions are typically low. Theoretical and 
experimental studies have shown that even small amounts of non-condensable and non-
absorbable gases can have a significant effect on steam condensation (Othmer 1929; Sparrow 
et al. 1964; Minkowycz et al. 1966; Sparrow et al. 1967; Siddique et al. 1993) and gas 
absorption respectively (Yang 1987; Grossman et al. 1997; Medrano et al. 2003).  
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The influence of non-absorbables on the absorption process is analogous to that of non-
condensables on condensation; the presence of such gases increases the resistance to mass, 
heat and momentum transfer in the gas phase. When condensation and/or absorption takes 
place at the vapour-liquid interface, a drift velocity towards the phase boundary is established 
in the surrounding region. The non-condensable and non-absorbable gases are carried along 
with the condensable vapour and absorbate from the bulk phase to the interface, where they 
start to accumulate and form an impeding boundary layer. The remaining vapour and 
absorbates in the main stream must now diffuse through this layer of additional resistance 
before further mass transfer can occur. In confined spaces, such as in a tube, the fraction of 
non-condensable and non-absorbable gases in the bulk fluid becomes increasingly higher as 
condensation and absorption proceed along the contacting surface. The resistance between 
the bulk mixture and the phase boundary consequently increases.  
 
The methods often used to analyse the effects of non-condensable gases on condensation 
include the boundary layer analysis (Minkowycz et al. 1966; Sparrow et al. 1967; Rose 
1969), film theory based models (Colburn et al. 1934; Krishna et al. 1976; McNaught 1979; 
Wang et al. 1988; Bannwart et al. 1990; Ghiaasiaan et al. 1995) and ‘condensation curve’ 
methods (Silver 1947; Bell et al. 1973). The boundary layer method employs similarity 
solutions, integral methods and finite difference techniques to solve governing equations for 
the gas-mixture and liquid film regions under condensing conditions. In the film theory based 
method, commonly known as the heat and mass transfer (HMT) analogy method, mass, heat 
and momentum transport equations are solved using analytical solutions or empirical 
correlations. Finally, the ‘condensation curve’ method is based on the calculation of an 
equilibrium temperature/specific enthalpy curve for the two-phase mixture. This assumption 
of equilibrium between phases thus ignores the mechanism by which mass, heat and 
momentum are transported across the phase boundary.   
 
Only several numerical studies on film absorption in the presence of non-absorbable gases 
have been reported in literature (Yang et al. 1991; Grossman et al. 1997; Medrano et al. 
2003). However, due to the many similarities between the non-absorbable effects on 
absorption and the non-condensable effects on condensation, the methods of analysis 
mentioned above should also apply to the absorption process, not without a few modifications 
to the equations. Due to the complexity of the processes involved in the absorption of 
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nitrogen oxides, the film theory has been chosen as the base model in this work to provide the 
simplest physical description of the system. 
 
5.4.3 Film Theory  
 
The Lewis-Whitman (Lewis et al. 1924) two-film theory of mass transfer was among the first 
theoretical analyses on the transport of material from one fluid stream to another. Although 
this analytical treatment can only be considered as a qualitative guide in correlating data, 
certain useful parameters have been derived based on the theory, and for that reason it still 
remains extensively used.  
 
According to this theory, when two fluid phases come into contact, there exists on each side 
of the interface a thin region in which the fluid is either stagnant or in laminar flow. It is 
assumed that all the resistance to mass, energy and momentum transfer lies within this 
laminar film such that linear gradients of concentration, temperature and velocity are 
established in the thin layer. Outside these films, all the gradients are wiped out as the 
resistance to transfer becomes progressively smaller due to the high level of turbulence or 
convective mixing in the bulk fluid. The thicknesses of these laminar layers ( massδ , thermalδ , 
uδ ) are defined such that they correspond to the resistances observed from experiments at 
low mass transfer rates and are not directly associated with any physical laminar films. 
Transport of mass and heat within the film occurs by steady-state molecular diffusion and 
heat conduction respectively, with negligible motion by convection. It must be noted that the 
films may not necessarily be equal in thickness and that they differ from those defined in the 
boundary-layer concept of Prandtl (1904) in terms of the assumptions made within the layers. 
 
5.4.3.1 Gas Phase Transfer Coefficients for High Mass Transfer Rates 
 
The transfer of masses between phases generally involves the bulk movement of material 
through the interfaces. At small mass transfer rates, the effect of the mass transfer rate on the 
gas transfer coefficients is usually neglected and the bulk flow is important only in the 
calculation of fluxes across the interface. At high mass transfer rates, the streaming of fluid 
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through the interface induces an additional flow of mass, energy and momentum through the 
gas laminar layer, often termed convective flow or Stefan flow. In the case of condensation, 
the rapid decrease in specific volume as a result of the phase change creates a “suction effect” 
which draws vapour molecules to the interface. The induced fluxes may be significant and 
could affect the concentration, temperature and velocity profiles within the laminar layer. 
Consequently, the respective mass, heat and momentum transfer coefficients are also altered.  
 
The effects of mass transfer rates on the mass, heat and momentum transfer coefficients in the 
gas phase have previously been evaluated using three approximate theories or models: the 
boundary-layer model, the penetration model and the film model (also known as the effective 
or equivalent laminar film model). Reviews of these models can be found in literature 
(Colburn et al. 1937; Mickley et al. 1954; Bird et al. 1960; Hewitt et al. 1994). The transfer 
corrections derived from each theory have a preferred range of flow geometries and 
applications. In this work, the correction factors used to account for the high rates of mass 
transfer resulting from steam condensation and/or gas absorption were mostly obtained from 
the film model because it has proven to be sufficiently accurate for a wide range of 
engineering applications (Estrin et al. 1965; Stern et al. 1968; Onda et al. 1970; Wang et al. 
1988). 
 
5.4.3.2 Liquid Phase Mass Transfer Coefficients for Absorption 
Accompanied by Fast Chemical Reactions 
 
As the gaseous reactants flow past the condensed liquid in the absorber, mass transfer of NO, 
NO2, N2O3, N2O4, HNO2 and HNO3 occurs between the two phases, with the direction of 
transport determined by the driving force. The process of absorption into the aqueous phase 
for most of the solutes is entirely a physical one, as they are inert towards the solution. For 
N2O3 and N2O4 however, the dissolved species also react with water as they diffuse through 
the film. The effect of the chemical reactions is to increase the mass transfer rate of the 
solutes from the interface to the liquid bulk. As each component reacts with the solvent, the 
reduction in its local concentration causes an increase in the concentration gradient and hence 
the transport flux.  
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Transfer rates can therefore be significantly enhanced by fast reactions, which are defined as 
having chemical kinetics of the same speed or faster than the diffusion rate of the reacting 
species, but one in which the reagents can coexist in the equivalent laminar film mentioned 
above. In this case, the absorption rate is a function of both the diffusion coefficient and the 
reaction rate constant. This dependence on the reaction rate means that the mass transfer 
coefficient in a rapidly reacting system may vary significantly with temperature. Fast 
reactions are not the same as instantaneous (very fast) reactions, in which the rates of reaction 
are so high that the solute and reactant cannot coexist.  
 
In general, the experimental observations on the effects of simultaneous chemical reaction on 
the rate of gas absorption have been interpreted in terms of three idealised models: two-film 
theory (Hatta 1932; Chambers et al. 1937; Vankrevelen et al. 1948), penetration or unsteady 
state absorption plus reaction theory (Higbie 1935; Perry et al. 1953; Brian 1964) and surface 
renewal theory (Danckwerts et al. 1954). General discussions of these theoretical models 
have been widely published (Sherwood et al. 1952; Hikita et al. 1964; Danckwerts 1970; 
Doraiswamy et al. 1984). It is rather difficult to indicate from present studies which of these 
concepts is closest to the actual mechanism, as Danckwerts and Kennedy (1954) have shown 
that all three lead to very similar predictions about the effects of chemical reaction on 
absorption rates. Therefore the results obtained from any of the theories should be applicable 
in practice.  
 
5.4.4 Equation of Continuity 
 
Consider a differential element xd  fixed in space, through which the annular two-phase fluid 
flows (Figure 5.3). As the system is axi-symmetric, only one half of the tube cross-section is 
shown, with the leftward direction defined as being positive. A sign convention is adopted 
such that the fluxes in the gas phase are positive when heat and mass travel towards the 
vapour-liquid interface (i.e. in condensation), and negative when the fluxes in the gas phase 
are away from the interface (i.e. in evaporation). At a distance x from the inlet, the thickness 
of the physical liquid film, Lδ , is assumed to be circumferentially uniform within the element. 
The thicknesses of the equivalent laminar layers for mass transfer in the gas and liquid are 
denoted massG,δ  and massL,δ  respectively. 
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Figure 5.3: Differential element of fluid flow. 
 
 
5.4.4.1 Gas Phase 
 
If the system is assumed to be at steady state, a mass balance for component j over the gas 
phase element can be written as: 
0
reaction chemical
by   species of
production of Rate
phase liquid to
 species of
 transferof Rate
 species
 ofOutput 
 species
 ofInput 
=










+










−





−




 jj
j
  
j
 (5.1) 
 
Neglecting the variation in film thickness over the element xd , 
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Dividing the equation above by the differential gas phase volume, ( ) xR Ltube d2δπ − , gives: 
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Summing the molar fluxes of n components gives the total mass balance for the gas phase 
within element xd : 
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5.4.4.2 Liquid Phase 
 
Similarly, the equation of continuity for component j in the liquid phase is given by: 
 
( )
( ) LjyLjabsLtubetube
LtubeLj rJ
RR
R
x
J ~  2
d
 d
22
+







−−
−
=
δ
δ  (5.5) 
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Conservation of the total mass of liquid gives: 
 
( )
( ) LTyLT
abs
Ltubetube
LtubeLT rJ
RR
R
x
J ~  2
d
 d
22
+








−−
−
=
δ
δ  (5.6) 
 
Where 
 
∑
=
=
n
j L
jLT
JJ
1  
 
∑
=
=
n
j L
jabs
LT
abs JJ
1
 
 ∑
=
=
n
j L
TLj
rr
1
~~   
 
 
5.4.4.3 Molar Flux of Non-condensable and Non-absorbable Gases 
 
As the argon and oxygen used in the experiments can essentially be considered as non-
condensable and insoluble gases, these species will not be transported across the vapour-
liquid interface into the liquid stream. Only the condensable and soluble components, H2O, 
NO, NO2, N2O3, N2O4, HNO2 and HNO3, will be transferred. Due to the drift caused by 
condensation and absorption, argon and oxygen starts to accumulate at the interface until a 
point where their concentrations exceed those in the bulk gas. A driving force is then 
produced for gas diffusion away from the surface towards the main gas stream. At steady-
state conditions, the rate of species removal from the interface is equal to its rate of arrival, 
i.e. there is no net movement of argon and oxygen towards the phase boundary: 
 
0
2OAr
==
G
abs
G
abs JJ  (5.7) 
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Hence, the net molar flux 
GT
absJ in Equation (5.9) becomes: 
 
G
abs
G
abs
G
abs
G
abs
G
abs
G
abs
G
abs
GT
abs
JJ
JJJJJJ
undissoc.3HNOundissoc.2HNO
4O2N3O2N2NONOO2H
++
++++=
 (5.8) 
 
5.4.4.4 Corrected Mass Transfer Coefficients 
5.4.4.4.1 Gas PhaseTransfer Coefficients for High Mass Transfer Rates 
 
The condensation and absorption processes involve the transfer or withdrawal of mass (i.e. 
suction) from the gas core to the liquid film at the interface. Assuming a common effective 
binary diffusivity GD  for all the gaseous species, the molar flux of species j through the 
phase boundary is the sum of the molar diffusion flux and the convective flux of j due to the 
local bulk flow of the mixture:  
 
j
GT
abs
j
GTGGj
abs yJy
y
CJ ~
d
~d
 +





−= D  (5.9) 
Where jy~ is the mole fraction of species j in the gas phase. 
 
The following boundary conditions prevail at the equivalent laminar layer in the gas phase: 
 
At iyy = , ijj yy
~~ =  
At 
massG
yy
,δ
= , 
bulkjj
yy ~~ =  
 
Equation (5.9) can be integrated to give the following non-linear composition profiles: 
 
( )
( ) ( ) bulkjijbulkjG
massGG
j yyyy ~~~exp1
1exp~ , +−
−
−
=
φ
ηφ
 (5.10) 
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Where  
massG
massG
massG
yy
,
,
, δ
η
δ−
= = dimensionless distance for mass transfer 
GTG
n
j G
jabs
G C
J
β
φ
∑
== 1 = dimensionless mass transfer rate factor 
massG
G
G
,δ
β
 D
= = low flux mass transfer coefficient (5.11) 
  
The diffusion flux at a distance y from the interface is obtained by differentiating Equation 
(5.10): 
 






−=−=
iG
j
bulkG
j
yG
eff
y
j
GTGyG
jeffdiff CCy
y
CJ β
d
~d
 , D  (5.12) 
 
Where 
( )
( ) GG
massGGG
yG
eff βφ
ηφφ
β
1exp
exp ,
−
=  
 
The factor 
( )
( ) 1exp
exp ,
−G
massGGG
φ
ηφφ
 shows the effect of mass transfer rate on the transfer 
coefficient Gβ  obtained from experiments at low fluxes.  
 
Therefore, the diffusion flux at 
massG
yy
,δ
= ( 0, =massGη ) can be obtained: 
 
( ) 






−
−
=
iG
j
bulkG
jG
G
G
massG
yG
jeffdiff CCJ βφ
φ
δ 1exp,
,  (5.13) 
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Similarly, the diffusion flux at iyy = ( 1, =massGη ) is: 
 
( )
( ) ( ) 






−
−−
=





−
−
=
iG
j
bulkG
jG
G
G
iG
j
bulkG
jG
G
GG
iyG
jeffdiff CCCCJ βφ
φ
β
φ
φφ
exp11exp
exp
,  
(5.14) 
 
The correction term ( ) 1exp −G
G
φ
φ  in Equation (5.13) lies between 0 and 1, and can be 
significantly less than unity at high mass fluxes. Therefore, the effect of mass transfer rate on 
the concentration profile causes a reduction in transfer rate by diffusion from the bulk gas 
phase. 
 
5.4.4.4.2 Liquid Phase Transfer Coefficients for Absorption Accompanied by Fast 
Chemical Reactions 
5.4.4.4.2.1 Absorption of N2O4 in Water 
 
Experimental data have shown that the rate of absorption of N2O4 in water is directly 
proportional to its interfacial partial pressure (Wendel et al. 1958; Kramers et al. 1961; 
Corriveau 1971; Kameoka et al. 1977). This means that the molar quantity of water is in great 
excess such that depletion does not occur near the vapour-liquid interface, and the reaction 
may be considered pseudo-first order in N2O4. The hydrolysis reaction occurs rapidly in the 
liquid film and the specific rate of absorption is given by: 
 
iLiyL
rxnifLm
iyL
rxndiff CPkJ 4O2N4O2N4O2Nˆ4,4O2N4O2N4O2N,
ˆ β=




=  DH  (5.15) 
 
Where 
 
fLm
L
rxn
Lm
iyL
rxn k ˆ4,4O2N
4O2N
,4O2N
4O2N
ˆ D
 D
==
δ
β  (5.16) 
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4O2N
H is the Henry’s constant for N2O4, fk ˆ4
ˆ  is the forward reaction rate constant for the 
hydrolysis of N2O4 and 
Lm,4O2N
 D  is the diffusivity of N2O4 in the aqueous mixture. 
 
Equation (5.15) also holds for dilute nitric acid solutions (< 50 wt% HNO3) (Lefers et al. 
1982; Weisweiler et al. 1990). As the concentrations of acid produced in this work did not 
exceed 45 wt% HNO3, the equation above was used throughout the length of the absorber. 
 
5.4.4.4.2.2 Absorption of N2O3 in Water 
 
In contrast to the vast information on N2O4 absorption, studies on the absorption of N2O3 are 
rather limited. Corriveau (1971) experimentally determined the absorption rate of N2O3 in 
water to be directly proportional to its interfacial partial pressure (Equation (5.17)) and 
assumed that the process is accompanied by a fast and irreversible pseudo-first order 
reaction: 
 
iLiyL
rxnifLm
iyL
rxndiff CPkJ 3O2N3O2N3O2Nˆ5,3O2N3O2N3O2N,
ˆ β=




=  DH  (5.17) 
 
Where 
 
fLm
L
rxn
Lm
iyL
rxn k ˆ5,3O2N
3O2N
,3O2N
3O2N
ˆ D
 D
==
δ
β  (5.18) 
 
3O2N
H is the Henry’s constant for N2O3, fk ˆ5
ˆ  is the forward reaction rate constant for the 
hydrolysis of N2O3 and 
Lm,3O2N
 D  is the diffusivity of N2O3 in the aqueous mixture. 
 
A comparison of the solubility and rate constant values for N2O3 with those for N2O4 
indicates that N2O3 is less soluble in water than N2O4, but that in solution N2O3 is much 
more reactive. 
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A general equation based on the film theory has been derived by Doraiswamy  (1984) to 
determine the absorption rate of species j as it undergoes a fast and irreversible reaction of the 
mth order. Assuming that the reaction with component k takes place entirely in the liquid 
laminar film, the specific transfer rate of species j is given by: 
 
( )
n
bulkL
k
m
iL
jfmnLmjiL
j
iyL
jrxndiff CCkm
CJ 











+
=
−1
ˆ,,
ˆ
1
2
 D  (5.19) 
 
Equation (5.19) holds under the following conditions:  
 
( )
Lmj
Lmk
iL
j
bulkL
k
L
n
bulkL
k
m
iL
jfmnLmj
C
CCCkm
,
,
1
ˆ,
ˆ
1
2
1
 D
 D D
<<












+
<<
−
β
 
 
Where m is the order of the chemical reaction with respect to j and n is the order of the 
chemical reaction with respect to k. 
 
With both the hydrolysis of N2O3 and N2O4 being pseudo-first order reactions, substituting m 
= 1 and n = 0 into Equation (5.19) yields a result with a form identical to that of Equations 
(5.15) and (5.17), thus validating the accuracy of the film model. 
 
The lumped parameter 
fmnLmjj
k ˆ,
ˆ DH is known from experimental data with fair 
accuracy and is often used to calculate the rate of absorption of N2O4 and N2O3, as the 
individual parameters still present a rather large spread in their values.  
 
5.4.4.4.2.3 Effective Mass Transfer Coefficient 
 
There may be a few instances, especially at the onset of condensation, in which the thickness 
of the physical liquid film Lδ   is less than that of the laminar film massLj ,δ , such that a bulk 
liquid is not defined, as shown in Figure 5.4. As condensation progresses, Lδ  approaches and 
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eventually exceeds the value of 
massLj ,
δ , after which the physical film can be divided into 
the bulk and laminar regions as described in the film theory.  
 
 
 
Figure 5.4: Physical film and equivalent laminar film thicknesses. 
. 
 
In light of this, the correct choice of film thickness is important when defining the augmented 
liquid phase mass transfer coefficients for N2O4 and N2O3 in a form similar to that of 
Equation (5.11). An effective film thickness 
Lj
effδ is therefore defined as follows: 
 
massLjLLj
eff ,
111
δδδ
+=  (5.20) 
 
It is important to note that this parameter may introduce significant errors when 
LmassLj
δδ ~
,
, since 
Lj
effδ would only equal 2
Lδ  which is a gross underestimation. 
Coolant 
massLj ,
δ  
Gas 
Lδ  
Liquid 
Bulk 
Liquid  
Laminar 
Layer 
Wall 
Interface 
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However, the boundary conditions are still captured by the asymptotic behaviour of the 
smoothing function (Equation (5.20)). 
 
As Equation (5.19) has been derived based on the assumption that the reaction occurs 
completely in the equivalent laminar film, the thickness of the layer 
massLj ,
δ can be 
determined from the transfer coefficient 
iyL
jrxnβ defined in Equations (5.16) and (5.18): 
 
iyL
jrxn
Lmj
massLj
rxnmassLj
β
δδ
,
,,
 D
==  
(5.21) 
 
Assuming negligible convective transport, the molar flux of reactive species j from the 
interface is given by the diffusive contribution 
iyL
jeffdiff
J , corrected for the effects of 
chemical reaction: 
 






−==
bulkL
j
iL
j
iyL
jeff
iyL
jeffdiffLj
abs CCJJ β,  (5.22) 
 
Where 
 
Lj
eff
Lmj
iyL
jeff δ
β
, D
=  
 
5.4.4.5 Partial Chemical Equilibrium 
 
The following gas phase reactions occur to produce NOx species (NO, NO2, N2O3 and 
N2O4) prior to their absorption in water:  
 
1
2 22NO(g) O (g) 2NO (g)
K
+ 
  (5.23) 
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2
2 2 42NO (g) N O (g)
K

  (5.24) 
3
2 2 3NO(g) + NO (g) N O (g)
K

  (5.25) 
 
Although the oxidation of NO (Reaction (5.23)) goes essentially to completion, the reaction 
has been known to proceed rather slowly, especially at low concentrations of NO and O2 
(Chilton 1968; Honti 1976).  On the other hand, equilibrium is rapidly established in the 
forward and backward directions for Reactions (5.24) and (5.25), with the reaction rate 
constants being several orders of magnitude higher than that for the oxidation of NO. As the 
chemical time scales for the formation of N2O4 and N2O3 are much shorter than that for 
Reaction (5.23), and also in comparison with the characteristic times of other flow processes 
(condensation and diffusion), the system of governing equations becomes “stiff” in character.  
 
To solve a stiff system via the classical Euler method without the emergence of numerical 
instabilities would require a time-step that is prohibitively small in relation to the smoothness 
of the exact solution. Special techniques are therefore required to obtain numerical solutions 
at a reasonable computational cost. Among the methods that have been developed to reduce 
or eliminate the stiffness in a system include the partial-equilibrium approximation 
(Peaceman), computational singular perturbation (CSP) and intrinsic low-dimensional 
manifolds (ILDM). Rein (1992) and Mott (1999) have presented a brief overview of these 
methods. 
 
In this work, the partial-equilibrium approximation was used; the fast reactions were assumed 
to always be in equilibrium, while the slower reactions were allowed to proceed kinetically. 
The contributions of the fast reactions to the species concentration evolution were then 
included by directly imposing equilibrium through a set of algebraic constraints. This 
replaces the standard kinetic calculations and eliminates the short characteristic times of 
Reactions (5.24) and (5.25), thereby allowing the resulting differential equations to be 
integrated using larger time-steps. An alternative to the direct imposition of the equilibrium 
constraints would be the use of a differential form of the constraints to obtain a less stiff form 
of the governing equations. Although the use of partial chemical equilibrium leads to a loss of 
resolution within the global time-step, the accuracy of the calculated concentrations may not 
be compromised if the establishment of the reaction equilibria is fast compared to the time-
scale of the integration. 
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5.4.4.5.1 Pool Concept 
 
The partial equilibrium method takes advantage of the fact that the formation reactions of 
N2O4 and N2O3 are maintained close to equilibrium at all times due to their large reaction 
rates: 
 
2
2NO24O2N
bulkGbulkG
CKC =  (5.26) 
bulkGbulk
G
bulkG
CCKC 2NONO33O2N =  (5.27) 
 
In an approach similar to that presented by Ramshaw (1980), an attempt was made to find 
linear combinations of the species flux, 
Gj
J , that satisfy the transport equations in which the 
rate constants of Reactions (5.24) and (5.25), 2~r  and 3~r , do not appear. The chemical species 
involved in the equilibrium reactions are assigned to two pools based on their nitrogen 
oxidation states of either +2 or +4. Taking note that N2O3 can be written as NO.NO2, and 
that one mole of N2O4 contains two moles of N4+ species, the concentrations of the pools are 
defined as follows: 
 
bulkGbulk
G
bulkG
CCC 3O2NNO2N +=+  (5.28) 
bulkGbulkGbulkGbulkG
CCCC 4O2N3O2N2NO4N 2++=+  (5.29) 
 
Equations (5.26) – (5.29) therefore constitute a nonlinear system of four algebraic equations 
that determines the four species concentrations from the pool concentrations.  
 
Substituting Equations (5.26) and (5.27) into Equations (5.28) and (5.29) gives the 
concentrations of NO and NO in the gas phase: 
 
bulkG
bulkG
bulkG CK
C
C
2NO3
2N
NO 1+
=
+
 
(5.30) 
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bulkG
bulkG
bulkG
bulkG
bulkG
CK
CK
CK
C
C
2NO2
2NO3
2N3
4N
2NO
2
1
1 +
+
+
=
+
+
 
(5.31) 
 
The implicit function of Equation (5.31) was solved using an iteration process within each 
integration time-step.  
 
The gas phase mass balance equation (Equation (5.3) is then written for the two pools rather 
than for each individual species: 
 
++
+
+










−
−= 2N2N
2N ~ 2
d
 d
G
yG
abs
Ltube
G rJ
Rx
J
δ
 (5.32) 
++
+
+










−
−= 4N4N
4N ~ 2
d
 d
G
yG
abs
Ltube
G rJ
Rx
J
δ
 (5.33) 
 
The total molar flux of the species transferred from each pool to the liquid phase, 
+2NG
absJ and +4NG
absJ , follows from Equations (5.28) and (5.29): 
G
abs
G
abs
G
abs JJJ
3O2NNO2N
+=
+
 (5.34) 
G
abs
G
abs
G
abs
G
abs JJJJ
4O2N3O2N2NO4N
2++=
+
 (5.35) 
 
The chemical rate of production in the pools, +2N
~
G
r  and +4N
~
G
r , is given by: 
 










−−=+
1
2
2NO
2O
2
NOˆ12N
ˆ2~
K
C
CCkr bulk
G
bulkGbulk
GfG
 (5.36) 
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









−=+
1
2
2NO
2O
2
NOˆ14N
ˆ2~
K
C
CCkr bulk
G
bulkGbulk
GfG
 (5.37) 
 
The change in the pool concentrations therefore occurs within a time-step that is 
characteristic of the slow reaction (Equation (5.23). In other words, the evolution of each 
species concentration is governed by the rate equation of the kinetic reaction. The equilibria 
of Reactions (5.24) and (5.25) are disrupted as the slow reaction progresses, but equilibrium 
is immediately enforced again through the equilibrium constraints of Equations (5.26) and 
(5.27). 
 
5.4.5 Equation of Energy 
5.4.5.1 Gas Phase 
 
For steady state heat transfer, an energy balance over the gas phase element requires that: 
 
(Heat input) – (Heat output) – (Heat transferred to liquid phase) = 0 (5.38) 
 
Assuming constant film thickness over the element xd , 
 
( ) ( ) 0 d22 =








−−





−−
∆+ yG
Tabs
Ltube
xxG
T
xG
TLtube qxRqqR δπδπ  (5.39) 
 
Dividing Equation (5.39) by the differential gas phase volume, ( ) xR Ltube d2δπ − , gives: 
 








−
−=
yG
TabsLtube
GT q
Rx
q
 2
d
 d
δ
 (5.40) 
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The total axial energy flux 
GT
q can be defined in terms of the partial molar enthalpies
Gj
H~ ; 
∑
=
=
n
j G
jjGTGT
HyJq
1
~~  (5.41) 
 
and the total radial energy flux 
GT
absq across the phase boundary is made up of a conductive 
flux and a convective flux caused by sensible heat carried by the flow of matter across the 
interface: 
 
∑
=
+−=
n
j G
j
Gj
abs
G
G
GT
abs HJy
T
kq
1
~
d
d  (5.42) 
 
Where Gk is the instantaneous local thermal conductivity of the gaseous mixture  
 
Substituting Equations (5.41) and (5.42) into Equation (5.40) gives: 
 
( )
Ltube
n
j G
j
yG
jabs
y
G
G
GT
n
j G
jj
n
j
jGjGjjGT
R
HJ
y
T
k
x
JHyyHHyJ
δ−








−
=








++
∑
∑∑
=
==
1
11
~
d
d2
                                                     
d
 d~~~d~~d ~
 (5.43) 
 
Since G
Gj
pGj
TCH d~~d = , ∑
=
=
n
j Gj
pjGp
CyC
1
~~~ and 
GTjGj
JyJ ~= , Equation (5.43) becomes: 
 








−
−
=
+
∑
∑
=
=
n
j G
j
yG
jabs
y
G
G
Ltube
n
j G
jGjGGpGT
HJ
y
T
k
Rx
JHTCJ
1
1 ~
d
d 2
d
 d~d~
δ
 (5.44) 
 
Where 
Gp
C~ is the molar heat capacity of the gaseous mixture. 
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But 
GjyG
jabs
Ltube
Gj rJ
Rx
J ~ 2
d
 d
+







−
−=
δ
 from Equation (5.3), 
 
xrH
y
T
k
R
TCJ
n
j G
jGj
y
G
G
Ltube
GGpGT
d~~ 
d
d2d~
1 







−








−
= ∑
=δ
 (5.45) 
 
Therefore, for a given step-size xd , the change in gas temperature GTd  can be found from 
the conductive heat flux and the heat produced from the gas phase reactions. 
 
5.4.5.2 Liquid Phase 
 
The equation of energy for the liquid phase is given by: 
 
( ) ( ) 0
 wallinner tube to
ferredHeat trans
phase gas from
ferredHeat trans
outputHeat inputHeat =





−





+−    (5.46) 
 
Or 
( )
( ) ( )








−−
−−
= wtube
yL
Tabs
Ltube
Ltubetube
LT qRqR
RRx
q
  2
d
 d
22
δ
δ
 (5.47) 
 
Using an analysis similar to that of the gas phase, the following energy balance can be 
obtained: 
 
( ) ( )( )
w
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tube
y
G
G
n
j L
jLj
L
LpLTLtube
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j L
jGjyG
jabs
q
R
R
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R
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δ
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



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
−
−−
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==
 
d
d
~~
d
d~ 
2
~~
1
22
1  (5.48) 
 
Equation (5.48) can then be used to determine the condensation flux 
G
absJ O2H
which is 
present as the only unknown variable in the expression above.  
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5.4.5.3 Tube Wall and Coolant 
 
Assuming that the reactor tube wall is thermally thin such that the resistance offered to heat 
transfer is negligible, the heat balance across the wall is: 
 
(Heat transferred from liquid phase) – (Heat transferred to coolant) = 0 (5.49) 
 
Or 
coutertubewtube qRqR ,=  (5.50) 
 
The heat flux to the coolant cq  can then be found from Equation (5.50). 
 
5.4.5.4 Gas Phase Heat Transfer Coefficients for High Mass Transfer Rates 
 
The effects of high mass transfer rates on the rates of heat transfer were first studied by 
Ackermann (1937) and Colburn and Drew (1937). In addition to the heat flux which arises 
due to the local temperature gradient, the energy associated with each species will be carried 
towards the interface along with the bulk flow as condensation and absorption occurs. The 
arrival rate of sensible heat at the interface is thus given by Equation (5.42): 
 
∑
=
+−=
n
j G
j
Gj
abs
G
G
GT
abs HJy
T
kq
1
~
d
d  (5.42) 
 
If the reference temperature for the calculation of the partial molar enthalpies 
Gj
H~  is taken 
to be refT , 
 
( )refG
Gj
pGj
TTCH −= ~~  (5.51) 
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Substituting Equation (5.51) into Equation (5.42) gives: 
 
( )∑
=
−+−=
n
j Gj
p
Gj
absrefG
G
G
GT
abs CJTTy
T
kq
1
~
d
d  (5.52) 
 
The equation above is to be solved subject to the following boundary conditions: 
 
At iyy = , iG TT =  
At 
thermalG
yy
,δ
= , 
bulkGG
TT =  
 
Assuming constant thermal conductivity Gk  and heat capacities 
Gj
pC
~ , Equation (5.52) can 
be integrated across the thermal equivalent laminar layer of thickness thermalG,δ  to yield the 
temperature profile: 
 
( )
( ) ( ) bulkGibulkGG
thermalGG
G TTTT +−Φ−
−Φ
=
exp1
1exp ,η  (5.53) 
 
Where  
thermalG
thermalG
thermalG
yy
,
,
, δ
η
δ−
= = dimensionless distance for heat transfer 
G
n
j Gj
p
Gj
abs
G h
CJ∑
==Φ 1
~
= dimensionless heat transfer rate factor 
thermalG
G
G
k
h
,δ
 
= = low flux heat transfer coefficient 
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The conductive heat flux at a distance y from the interface may be evaluated by 
differentiating Equation (5.53): 
 
( )ibulkGyGeffy
G
G
yG
effcond TThy
T
kq −=−=
d
d
,  (5.54) 
 
Where 
( )
( ) GG
thermalGGG
yG
eff hh 1exp
exp ,
−Φ
ΦΦ
=
η
 
 
At 
thermalG
yy
,δ
= ( 0, =thermalGη ), the conductive heat flux is given by: 
 
( ) ( )ibulkGGG
G
thermalG
yG
effcond TThq −−Φ
Φ
=
1exp
,
,
δ
 (5.55) 
 
At iyy = ( 1, =thermalGη ), the conductive heat flux is: 
 
( )
( ) ( ) ( ) ( )ibulkGGG
G
ibulkGGG
GG
iyG
effcond TThTThq −Φ−−
Φ
=−
−Φ
ΦΦ
=
exp11exp
exp
,  (5.56) 
 
The high flux correction factor ( ) 1exp −Φ
Φ
G
G , or often referred to as the Ackermann (1937) 
correction factor, accounts for the influence of mass transfer on heat transfer. Equation (5.55) 
shows that high rates of condensation and absorption can significantly reduce the conductive 
heat transfer rate from the main gas stream. This factor is typically used in the Colburn-
Hougen (1934) method for the design of absorbers in which non-condensable gases are 
present (Stern et al. 1968; Collier 1972; McNaught 1979; Hewitt et al. 1994). 
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5.4.5.5 Energy Considerations in the Partial Equilibrium Method 
 
In the partial-equilibrium approximation method discussed in Section 5.4.4.5.1, equilibrium 
was directly imposed on the fast reactions (5.24) and (5.25) by defining two pools of species 
concentrations and implementing a set of algebraic constraints. If the species enthalpies jH
~   
in Equations (5.45) and (5.48) are specified in terms of their molar enthalpies of formation, 
the energy balances can be solved without the need to define any additional pools or 
algebraic equations. This means that the unknown thermodynamic variables in the energy 
equations can be determined given a set of species concentrations, and independent of the 
path by which these concentrations were found.  
 
5.4.6 Equation of Motion 
5.4.6.1 Frictional Pressure Drop 
 
For a condensing annular flow in a pipe, a small axial change in pressure fPd of the fluid will 
be caused by both the frictional force at the walls, wτ , and the momentum flux at the 
interface. In particular, when there is suction at the interface, the momentum flux 
contributions tend to increase the pressure in the flow direction, while the wall shear tends to 
decrease the pressure. In this work, the flow is assumed to contain no radial pressure gradient. 
Ignoring inertia effects, i.e. no acceleration of the flow, and assuming that the liquid density 
is constant, an axial momentum balance on the elemental liquid film in Figure 5.3 gives: 
 
( ) ( )   d2 2
Δxxfxftubewtube
PPπRτxπR
+
−=  (5.57) 
 
Dividing the equation above by the differential tube surface area, xπRtubed2 , 
 
tube
wf
R
τ
x
P 2
d
d
=−  (5.58) 
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Assuming that the flow is shear-controlled,   
 
( ) tubewLtubei RτδR ≈−τ  (5.59) 
 
The shear in the liquid at the tube wall, wτ , may be calculated from Equation (5.58) using 
empirical pressure drop correlations based on either the homogeneous or separated flow 
model. Some of the earlier correlations derived from the separated flow model include those 
by Lockhart and Martinelli (1949), Martinelli and Nelson (1948) and Chisholm (1967). These 
pressure drop models have recently been modified to accommodate small diameter tubes in 
which the flows are adiabatic (Mishima et al. 1996; Zhang et al. 2001; Niu et al. 2009) or 
condensing (Garimella et al. 2005; Quan et al. 2008; Agarwal et al. 2009). However, the use 
of a wide range of flow patterns in these studies may result in correlations that are not 
directly applicable to annular condensing flow. In this model, wτ  is predicted from Equation 
(5.59) using the interfacial shear stress which will be further described below.  
 
5.4.6.2 Gas Phase Friction Factors for High Mass Transfer Rates 
 
As the vapour flows past the slow moving condensate film, the shear force exerted on the 
vapour-liquid interface can be considered analogous to the force exerted on a porous wall 
with high rates of suction. Studies on wall suction have shown that it increases the shear 
stress in the suction region and decreases the turbulence intensity across the pipe radius 
(Weissberg et al. 1955; Aggarwal et al. 1972; Schildknecht et al. 1979). In other words, for a 
condensing system, the drag force exerted on the annular liquid film is greater than that 
exerted in the absence of surface mass transfer. The liquid velocity would then be higher than 
that predicted by correlations derived for tube flows with impermeable boundaries. 
 
In condensing flows, the total shear stress at the vapour-liquid interface, iτ , is caused by 
friction between the two phases plus the momentum transfer due to condensation of the 
faster-moving vapour onto the slower-moving liquid. As mentioned by Hewitt (Hewitt et al. 
1994), the presence of mass flux would distort the linear velocity profile produced in the 
equivalent laminar layer of a system with no surface mass transfer,. This distortion in velocity 
profile would give rise to an augmented frictional shear stress at the interface, effG,τ . 
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Assuming that the vapour phase obeys Newton’s law of viscosity and is unaffected by 
suction, the total rate of momentum transferred from the gas core to the vapour-liquid 
interface is given by: 
 
G
GT
abs
G
Gi uGy
u
+−=
d
d
 µτ  (5.60) 
 
Where Gµ  is the gas viscosity and 
GT
absG is the total mass flux of molecules leaving the 
vapour phase and entering the liquid film. 
 
The boundary conditions of the film are such that the vapour velocity is zero with reference 
to the liquid velocity at the interface ( iyy = ) and equal to the core vapour velocity 
bulkG
u at 
the outer bound (
uG
yy
,δ
= ). Assuming that the equivalent laminar layer thickness for 
momentum transfer uG,δ  is unaffected by the mass flux, integration of Equation (5.60) over 
the layer gives the following velocity profile: 
 






−














−





=
G
G
G
G
uG
G
G
bulkG
G
f
B
f
B
f
B
u
u
2exp1
2exp2exp ,η
 (5.61) 
 
Where  
uG
uG
uG
yy
,
,
, δ
η
δ−
= = dimensionless distance for momentum transfer 
bulkG
G
n
j
j
Gj
abs
G u
MJ
G
G
B
ρ
∑
=== 1
mass axial
suction = suction parameter 
 Gf  = low flux gas phase friction factor 
 jM  = molecular weight of species j 
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The frictional shear stress at a distance y from the interface is given by: 
 
yG
eff
bulkG
G
y
G
GyeffG
f
u
y
u
2d
d
 
2
,
ρ
µτ =−=  (5.62) 
 
Where 
 
12exp
2exp2 ,
−











=
G
G
uG
G
G
G
yG
eff
f
B
f
B
B
f
η
 
 
The frictional shear stress at 
uG
yy
,δ
= ( 0, =uGη ) is given by: 
 
2
,
,
12exp
bulkG
G
G
G
G
uG
yeffG
u
f
B
B
ρτ
δ
−





=  
(5.63) 
 
Similarly, at iyy = ( 1, =uGη ), 
 
22
, 2exp112exp
2exp
bulkG
G
G
G
G
bulkG
G
G
G
G
G
G
iy
effG u
f
B
B
u
f
B
f
B
B
ρρτ






−−
=
−











=  (5.64) 
 
Equations (5.12), (5.54) and (5.62) show that the effects of high mass transfer rates on the 
diffusion flux, conductive heat flux and shear stress in their respective laminar films are 
analogous, and that all three correction factors depend on the material transport flux 
Gj
absJ through the phase boundary. In the limit of zero mass transfer rates ( 0→
Gj
absJ ), 
the correction factors reduce to unity, leading to linear profiles of concentration, temperature 
and velocity within the equivalent laminar layers. The magnitude of the transfer coefficients 
at the interface generally increases above unity when net steam condensation and/or gas 
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absorption ( 0>
Gj
absJ ) occurs, and decreases below unity when net evaporation or gas 
desorption ( 0<
Gj
absJ ) occurs. Hence the film theory correction terms can be significant at 
very high mass transfer rates. 
 
5.4.7 Liquid Film Temperature 
 
In a similar manner in which the thickness of the physical film Lδ may become less than that 
of the laminar film for mass transfer massL,δ , it could also be less than that of the thermal 
equivalent laminar film thermalL,δ . Due to the absence of a bulk region, the liquid film 
temperature is therefore not clearly defined. In this case, the temperature of the annular film 
is approximated to be an average between the interfacial temperature iT  and the inner wall 
temperature innerwT , : 
 
2
,innerwi
L
TT
T
+
=  (5.65) 
 
Although Lδ  could very well exceed thermalL,δ  as condensation progresses, the final 
Lδ values computed in this work were found to be within the 0.01 – 0.1 mm range of values 
typically quoted for the hypothetical liquid film (Taylor et al. 1993). This means that the 
physical film remained sufficiently thin throughout the condensation process, such that the 
absence of a bulk region can be assumed. Equation (5.65) was therefore applied in all cases to 
the entire length of the absorber. 
 
Following on from the assumption of negligible resistance in the tube wall, 
 
outerwinnerw TT ,, =  (5.66) 
 
Where outerwT ,  is the outer wall temperature of the absorber. 
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5.4.8 Transfer Coefficients for Low Mass Transfer Rates 
5.4.8.1 Heat Transfer  
5.4.8.1.1 Gas Phase 
 
The local Nusselt number for a fully developed laminar flow ( 2100Re ≤G ) with low rates of 
mass transfer in a smooth cylindrical pipe is given as follows: 
 
For uniform wall temperature: 
66.3Nu =G  (5.67) 
 
For uniform heat flux: 
36.4Nu =G  (5.68) 
 
For fully developed turbulent ( 2100Re >G ) flow in a smooth pipe, the Dittus-Boelter (1930) 
equation is used: 
 
3/18.0 PrRe023.0Nu GGG =  (5.69) 
 
Equation (5.69) is valid over the range of conditions 160Pr7.0 << G , 
410Re >G , 
10>
tube
tube
D
L  
  
5.4.8.1.2 Liquid Phase 
 
Based on the assumption that thermalLL ,δδ < , the heat transfer across the liquid film to the 
inner wall of the reactor tube is given by: 
 
( )innerwiLw TThq ,−=  (5.70) 
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For laminar flows ( 1600Re ≤L ), the transport of heat between the vapour-liquid interface 
and the wall is assumed to occur purely by conduction across a linear temperature gradient. 
The heat transfer coefficient of the condensate film Lh  is therefore defined as the ratio of the 
liquid conductivity to its film thickness:  
 
L
L
innerwi
Lcond
L
k
TT
q
h
δ
=
−
=
,
 (5.71) 
 
Where Lk  is the instantaneous local thermal conductivity of the liquid mixture 
 
For turbulent flows ( 1600Re >L ), the liquid film heat transfer coefficient is determined from 
the dimensionless temperature +δT  usually defined in turbulent boundary layer analysis 
(Prandtl 1904; Hewitt et al. 1994; Schlichting et al. 2000) : 
 
+
=
δ
τρ
T
C
h
wLLp
L  (5.72) 
 
The values of +δT  can be derived from the von Karman (1939) universal velocity profile often 
presented in literature (McAdams 1954; Hewitt et al. 1970; Taylor et al. 1993; Hewitt et al. 
1994): 
 
LT Pr
++ = δδ  for 5<+δ (laminar sublayer) 
(5.73) 
       
























−++=
+
1
5
Pr1lnPr5 δLL  for 305 ≤≤ +δ (buffer layer) 
       ( )
















+++=
+
30
ln
2
1Pr51lnPr5 δLL  for 30>+δ (turbulent core) 
 
Where 
 
L
wLL
µ
τρδ
δ =+ = dimensionless film thickness (5.74) 
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5.4.8.1.3 Cooling Water 
 
The outer wall temperature outerwT ,  of the absorber is determined from the heat transfer 
coefficient ch of the coolant flowing in the annular space formed between the inner reactor 
tube and a larger outer tube in which both water jacket and absorber are encased: 
 
c
c
c
outerw Th
q
T +=,  (5.75) 
 
In the viscous region ( 2100Re ≤c ), the coolant heat transfer coefficient can be obtained 
from the following correlation proposed by Carpenter and Colburn (1946): 
 
3
2
3
1
,
14.0
,
3
2
 
86.1
−






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
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
 +
=
























c
ceq
tube
outertubejacket
c
outerwTc
c
ccp
ccp
c GD
L
DD
k
C
GC
h
µµ
µµ
 (5.76) 
 
Where 
 cG = mass flux of coolant 
 
outerwTc ,
µ = viscosity of coolant at inner wall temperature of annulus 
 jacketD = outside diameter of annulus 
outertubejacketeq DDD ,−= = equivalent diameter of annulus 
c
ceq
c
GD
µ 
Re =  
 
The coefficient for heat transfer between the inner tube and the annular fluid in turbulent flow 
( 2100Re >c ) may be expressed in a general form similar to that of Equation (5.76): 
 
2.0
,
  
−






















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










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
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







c
ceq
outertube
jacket
c
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ccp
c GD
D
D
K
k
C
GC
h
µ
ψ
µ
ξ  (5.77) 
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Where 








c
ccp
k
C µ
ξ is a function of the Prandtl number, K is a constant and 







outertube
jacket
D
D
,
ψ is a 
function of 
outertube
jacket
D
D
,
. 
 
The values of 








c
ccp
k
C µ
ξ and 







outertube
jacket
D
D
,
ψ at the inner wall of the annulus is obtained 
from the correlations of Davis (1943) and Wiegand (1945) respectively: 
 
14.0
,
3
2
















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
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

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

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c
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c
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c
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C
k
C
µ
µµµ
ξ  (5.78) 
45.0
,,
023.0 







=







outertube
jacket
outertube
jacket
D
D
D
D
ψ  (5.79) 
 
In this work, the temperature of the coolant cT  was assumed to be constant. 
 
5.4.9 Liquid Film Thickness 
 
The dimensionless film thickness +δ  in Equation (5.73) is typically determined from its 
relationship with the liquid flow rate or LRe . However, 
+δ  written in terms of LRe is an 
implicit function and has to be solved by iteration (Azer et al. 1972; Chitti et al. 1995) or by 
deriving explicit equations between the two dimensionless quantities that approximate the 
calculated curves (Kosky et al. 1971; Traviss et al. 1973). The latter method was employed 
by Henstock and Hanratty (1976) through empirical matching of the film height relations 
obtained from momentum balance. Their results, presented below, were used in this work. 
 
For laminar flows, 
 
50.0Re7071.0 L=
+δ  (5.80) 
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For turbulent flows, 
 
( ) ( ) 40.05.290.05.250.0 Re0379.0Re7071.0 


 +=+ LLδ  (5.81) 
 
5.4.9.1 Mass Transfer  
5.4.9.1.1 Gas Phase  
 
For equivalent boundary conditions, Bird (1960) has shown that heat transfer correlations can 
be converted into analogous mass transfer correlations by substituting the Sherwood number 
for the Nusselt number and the Schmidt number for the Prandtl number. This analogy is valid 
for both laminar and turbulent flows in any flow geometry, but the results obtained are only 
an approximation as the functional similarity is based on the following assumptions: (1) 
constant physical properties, (ii) low mass transfer rates, (iii) no chemical reactions in the 
fluid, (iv) negligible viscous dissipation, (iv) negligible emission or absorption of radiant 
energy, and (vi) negligible pressure diffusion, thermal diffusion and forced diffusion.     
 
5.4.9.1.2 Gas Phase 
 
Converting the low flux heat transfer coefficients in Equations (5.67) − (5.69) into their 
corresponding mass transfer coefficients gives: 
 
For a fully developed laminar flow in a smooth cylindrical pipe with a uniform wall mass 
concentration: 
 
66.3Sh =G  (5.82) 
 
For laminar flow in a pipe with uniform wall mass flux: 
36.4Sh =G  (5.83) 
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For fully developed turbulent ( 2100Re >G ) flow in a smooth pipe 
 
3/18.0 ScRe023.0Sh GGG =  (5.84) 
 
Equation (5.84)  is valid for 160Sc7.0 << G , 
410Re >G , 10>
tube
tube
D
L  
 
5.4.9.1.3 Liquid Phase 
 
At low mass transfer rates and in the absence of chemical reactions, the mass transfer 
coefficient 
Lj
β of species j in the liquid film is given by: 
 






−=
bulkL
j
iL
jLjLj
abs CCJ β  (5.85) 
 
Assuming that the transport of species in the liquid layer occurs only by diffusion across a 
linear concentration gradient, the mass transfer coefficient for laminar flow ( 1600Re ≤L ) 
can be determined from: 
 
L
Lmj
bulkL
j
iL
j
Lj
diff
Lj CC
J
δ
β
, D
=
−
=  (5.86) 
 
Analogous to Equation (5.72), the liquid film mass transfer coefficient for turbulent flow 
( 1600Re >L ) is given by: 
 
+
=
δ
ρ
τ
β
jL
w
Lj C
1  (5.87) 
 
Where +
δj
C is the dimensionless concentration. 
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Substituting Sc for Pr in Equation (5.73) to employ the analogy between heat and mass 
transfer: 
LjC Sc
++ = δ
δ
 for 5<+δ (laminar sublayer) 
(5.88) 
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+++=
+
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ln
2
1Sc51lnSc5 δLL  for 30>+δ (turbulent core) 
 
5.4.9.2 Momentum Transfer 
 
The gas phase friction factor in the absence of mass transfer is assumed to be that for a fully 
developed flow in a smooth, round pipe: 
 
Hence for laminar flow ( 2100Re ≤G ),  
 
G
Gf Re
16
=  (5.89) 
 
For turbulent flow ( 4102Re2100 ×≤< G ), the Blasius equation is used: 
 
4/1Re079.0 −= GGf  (5.90) 
 
5.4.10 Boundary conditions 
 
At the gas-liquid interface, continuity of the component molar fluxes gives: 
 
Lj
abs
ij
abs
Gj
abs JJJ ==  (5.91) 
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And of the total molar fluxes 
 
LT
abs
iT
abs
GT
abs JJJ ==  (5.92) 
 
For continuity of the energy flux across the phase boundary, 
 
LT
abs
iT
abs
GT
abs qqq ==  (5.93) 
 
5.4.10.1 Interfacial Gas Partial Pressures 
 
At the interface, equilibrium is assumed to exist between the concentration of the absorbing 
species in the gas phase and that of its aqueous form in the liquid phase. For dilute systems, 
this equilibrium relationship is linear as given by Henry’s law: 
 
iG
jj
iL
j CC H=  (5.94) 
 
Where 
iL
jC is the concentration of aqueous species j at the interface, jH  is the Henry’s 
constant and 
iG
jC is the concentration of gaseous species j at the interface 
 
As the soluble gases leave or enter the liquid phase, their interfacial partial pressures are 
affected not only by the accumulation of non-condensable and non-absorbable gases at the 
interface, but also by the changes in temperature caused by heats of condensation and 
absorption at the phase boundary. To determine the partial pressures of the diffusing species 
at the interface, the molar fluxes in the gas laminar film are matched to those in the liquid 
film (Equation (5.91)).  
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Substituting Equations (5.9), (5.12) and (5.22) into Equation (5.91) and using the equilibrium 
relationship (5.94) gives: 
 
j
iyL
jeff
GT
GT
abs
iyG
eff
bulkL
j
iyL
jeff
bulkG
j
iyG
eff
iG
j
C
J
CC
C
Hββ
ββ
+−
+
=  (5.95) 
 
For the components NO, NO2, HNO2 and HNO3 that do not undergo fast chemical reactions 
in parallel with absorption, the 
iyL
jeffβ term in the expression above is replaced by the mass 
transfer coefficient 
Lj
β of Equation (5.86). 
 
5.4.10.2 Interfacial Gas Temperature 
 
Saturation conditions prevail at the interface between the gas and liquid. During the 
condensation of a pure vapour, the interfacial temperature iT  is equal to the saturation 
temperature of the vapour at the system pressure 
bulkj
P . When non-condensable and non-
absorbable gases are present, their build-up at the interface decreases the interfacial partial 
pressure 
ij
P of the absorbates, thus leading to a decrease in the corresponding interfacial 
saturation temperature at which condensation occurs. 
 
To determine the temperature at the interface, the interfacial partial pressure of steam 
i
P O2H is first calculated from Equation (5.95). Steam tables can then be used to determine the 
saturation temperature corresponding to 
i
P O2H . In this work, the saturation temperature was 
calculated from a set of mathematical functions built into a Microsoft Office Excel 2007 
Add-in feature developed by Spang (2002). 
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5.4.11 Supersaturation of gases in solution 
 
Initial simulation runs indicated that the production of NO, HNO2 and HNO3 in the liquid 
phase can sometimes lead to species concentrations that are higher than those at equilibrium 
(termed supersaturation), as defined by Henry’s Law: 
 
bulkG
jj
bulkL
j CC H=  (5.96) 
 
This is particularly true when condensation rates are high such that gas desorption through 
slow diffusion as assumed in Equation (5.5) results in a build-up of the species in the liquid 
phase. Furthermore, the low solubility of NO in water, combined with its rapid production 
due to the disproportionation of HNO2 in solution, can give rise to concentrations that are 
several orders of magnitude higher than the value in equilibrium with the bulk vapour 
pressure. An example is shown in Figure 5.5. 
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Figure 5.5: Supersaturation of NO in solution. 
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To avoid the excessive build-up of NO, HNO2 and HNO3 in solution, equilibrium was 
imposed on the species concentrations through the use of Equation (5.96), but only if the 
concentrations as calculated from the mass balance equations (5.3) and (5.5) were found to 
exceed the equilibrium values. In this case, the release of gas may occur through the 
evolution of bubbles formed in the interior of the liquid (bubbling desorption). When the 
aqueous species concentration falls below the equilibrium value, gas desorption is assumed to 
take place by diffusion, with Equations (5.3) and (5.5) being employed once again. 
 
5.5 Chemical Kinetics and Equilibria 
5.5.1 Gas Phase 
5.5.1.1 Oxidation of Nitric Oxide 
 
1
2 22NO(g) O (g) 2NO (g)
K
+ 
  (5.23) 
 
Kinetic studies on the oxidation of NO have been studied by Bodenstein (1922), Hasche and 
Patrick (1925), Smith (1943), Ashmore et al. (1962), Guillory (1964), Greig and Hall (1967), 
Morecroft and Thomas (1967), Hisatsune and Zafonte (1969) and Olbregts (1985). The 
consensus of the group was that the reaction is first order with respect to O2 and second order 
with respect to NO, with the activation energy for the reaction being negative. Additionally, 
for the studies in which nitrogen was used as a bath gas, the rate of NO oxidation was found 
to be independent of its partial pressure (Ashmore et al. 1962; Guillory 1964; Morecroft et al. 
1967; Hisatsune et al. 1969). 
 
Amongst these investigations, only the work of Guillory (1964) at low NO partial pressures 
(< 0.02 mm Hg) has shown that the reaction rate is first order in both NO and O2. The second 
order reaction rate constant was reported to be 23106.6 −× cm3 molecule-1 s-1. When the 
partial pressure of NO was above 0.02 mm Hg, the usual third order rate equation was 
obtained. 
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The rate law for the equilibrium reaction (5.23) is given by: 
 










−=
1
2
2NO
2O
2
NOˆ11
ˆ~
K
C
CCkr bulk
G
bulkGbulk
Gf
 (5.97) 
 
Where 
r
f
k
k
K
ˆ1
ˆ1
1 ˆ
ˆ
=  is the equilibrium constant for Reaction (5.23) and rk ˆ1ˆ is the rate constant 
for the reverse reaction. 
 
The forward rate constant 
f
k ˆ1ˆ is given by modified Arrhenius equation: 
 
( ) 





−=
G
a
Gf RT
E
ATk expˆ ˆ1  (5.98) 
 
Where 
n
G
T
T
BA 





=
0
is the pre-exponential factor, B is a temperature-independent constant, 
0T is the reference temperature, n is a constant, aE is the activation energy and R  is the 
universal gas constant. 
 
Table 5.1 summarises the data available in literature for the calculation of the third order 
reaction rate constant as a function of temperature: 
 
Table 5.1: Data for the rate constant of NO oxidation with T0 = 298 K. 
Reference GT  (K) B  n  aE  (J) 
Atkinson et al. (2004) 270 − 600 391030.3 −×   − 4407 
Olbregts (1985) 226 − 758 411074.8 −×  2.70 41033.1 ×−  
Hisatsune and Zafonte (1969) 277 − 329 381009.2 −×   − 1546 
Greig and Hall (1967) 293 − 372 381006.1 −×   − 3999 
Ashmore et al.  (1962) 377 − 779 401092.2 −×  2.13 41026.1 ×−  
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The preferred values of Atkinson et al. (2004) given in the table above were used in this 
work, as they are based on the evaluation (Baulch et al. 1973) of a vast amount of data, and 
are found to be in good agreement with the results given in Table 5.1. 
 
5.5.1.2 Formation of Dinitrogen Tetroxide 
 
2
2 2 42NO (g) N O (g)
K

  (5.24) 
 
The equilibrium between NO2 and N2O4 is established very rapidly, as discussed previously 
in Section 5.4.4.5. The rate equation for the reaction is given by: 
 










−=
2
4O2N
2
2NOˆ22
ˆ~
K
C
Ckr bulk
G
bulkGf
 (5.99) 
 
Where 
f
k ˆ2
ˆ  is given by the modified Arrhenius relationship similar to that in Equation 
(5.98). 
 
Kinetic data on the rate of association of NO2 to N2O4 have been compiled by Atkinson et al. 
(2004) and NIST (Linstrom et al.). The experimentally determined rate constants of 
Markwalder et al. (1992) and Borell et al. (1988) for both high and low pressures are 
summarised in Table 5.2 and Table 5.3 below: 
 
Table 5.2: Data for the low-pressure rate coefficients of NO2 association 
Reference GT  (K) B  n  
Markwalder et al. (1992) 255 − 273 341012.1 −×  − 9.00 
Borell et al. (1988) 300 − 500 331040.1 −×  − 3.80 
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Table 5.3: Data for the high-pressure rate coefficients of NO2 association 
Reference GT  (K) B  n  
Markwalder et al. (1992) 255 − 273 121079.1 −×  2.30 
Borell et al. (1988) 300 − 600 131030.8 −×  − 1.10 
 
 
The values of Borrell et al. (1988) were used in the validation of the partial equilibrium 
method described later in Section 6.1.2. 
 
5.5.1.3 Formation of Dinitrogen Trioxide 
 
3
2 2 3NO(g) + NO (g) N O (g)
K

  (5.25) 
 
The rate law for the gas phase formation of N2O3 may be written as: 










−=
3
3O2N
2NONOˆ33
ˆ~
K
C
CCkr bulk
G
bulkGbulk
Gf
 (5.100) 
 
Where 
f
k ˆ3
ˆ  can be determined from the modified Arrhenius equation. 
 
Kinetic measurements on the high- and low-pressure rate constants for the gas phase 
formation of N2O3 over a range of temperatures have so far only been conducted by 
Markwalder et al. (1993). Their values are presented in Table 5.4 below: 
 
Table 5.4: Data of Markwalder et al. (1993) for the rate constants of N2O3 formation. 
Region GT  (K) B  n  
Low pressure 227 − 260 341045.2 −×  − 7.70 
High pressure 227 − 260 121074.7 −×  1.40 
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5.5.1.4 Chemical Production Rate of Gaseous Species 
 
The gas phase reactions (5.23) − (5.25), labelled by the index s, can be collectively 
represented by: 
 
, ,
n n
s
j s j j s j
j j
Ka Y b Y∑ ∑ 
 
(5.101) 
 
Where sja ,  and sjb , are dimensionless stoichiometric coefficients and jY
~  represents one 
mole of gaseous species j. 
 
In Equation (5.3), the rate of production of component j by chemical reaction, 
Gj
r~ , is 
therefore given by: 
 
( )∑ −=
3
,,
~ ~
s
ssjsjGj
rabr  (5.102) 
 
Where sr~  is the rate of progress (rate equation) of gas phase reaction s, and the summation 
extends over the three reactions (5.23) − (5.25). 
 
5.5.1.5 Equilibrium Constant 
 
The equilibrium constant for the gas phase reactions can be determined from the following 
relationship: 
 
sGGsrxn
KRTG ln~ , −=∆  (5.103) 
 
Where 
Gsrxn
G ,
~
∆ is the Gibbs energy change for gas phase reaction s. 
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5.5.2 Liquid Phase 
5.5.2.1 Acid Dissociation  
 
Nitrous and nitric acid dissociates in solution to form their respective ions: 
 
( ) ( ) ( )HNO22 2undissoc.HNO aq H aq NO aq
aK
+ −+
  
(5.104) 
( ) ( ) ( )HNO33 3undissoc.HNO aq H aq NO aq
aK
+ −+
  
(5.105) 
 
Where 
L
LL
a C
CC
K
undissoc.HA
AH
HA
−+
= = acid dissociation constant for HA = HNO2, HNO3 
 
The degree of dissociation HAα is the fraction of the total acid concentration that dissociates 
into ions: 
 
L
L
L
L
C
C
C
C
totalHA
H
totalHA
A
HA
+−
==α  (5.106) 
 
5.5.2.2 Hydrolysis of Dinitrogen Tetroxide 
 
Assuming that the fast hydrolysis of N2O4 is irreversible, and taking into account the 
formation of ions due to the dissociation of the acid products, the reaction can be written as: 
 
( ) ( ) ( ) ( ) ( )
( ) ( ) ( )
( ) ( )aqH 
aqNOaqHNO 1
aqNOaqHNO 1.
ˆ
lOHaqON
3HNO2HNO
33HNOundissoc.33HNO
22HNOundissoc.22HNO
ˆ4
242
+
−
−
++
+−+
+− →+
αα
αα
ααf
k
 (5.107) 
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As has been established in Section 5.4.4.4.2.1, the reaction between N2O4 and water is 
pseudo-first order in N2O4: 
 
Lf
Ckr 4O2Nˆ44
ˆ~ =  (5.108) 
 
Where 
f
k ˆ4
ˆ is the forward rate constant for the reaction. 
 
Kinetic data on the absorption of N2O4 accompanied by chemical reaction in water have been 
reported by Wendel and Pigford (1958), Kramers et al. (1961), Corriveau (1971), Hoftyzer 
and Kwanten (1972) and Kameoka and Pigford (1977). A summary of the values can be 
found from the review of Joshi et al. (1985). 
 
The correlation of Hoftyzer and Kwanten (1972) obtained from experiments with laminar jets 
has been used in the present model to determine 
f
k ˆ4
ˆ :  
 
LfL
m T
k 76053.0ˆlog ˆ4,4O2N4O2N10 −−=



  DH  for K 348K 276 << LT  (5.109) 
 
5.5.2.3 Hydrolysis of Dinitrogen Trioxide 
 
As the rate constant for the forward reaction between N2O3 and water fk ˆ5
ˆ  is much larger 
than that for the reverse reaction, the hydrolysis of N2O3 can also be considered irreversible: 
 
( ) ( ) ( ) ( ) ( )
( )aqNO2                                               
aq H2aqHNO 12
ˆ
lOHaqON
22HNO
2HNOundissoc.22HNO
ˆ5
232
−
+
+
+− →+
α
ααf
k
 (5.110) 
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The reaction is also pseudo-first order in N2O3, hence the rate equation can be written as: 
 
Lf
Ckr 3O2Nˆ55
ˆ~ =  (5.111) 
 
Published data on the kinetics of N2O3 absorption are extremely scarce, with only one value 
being reported (Corriveau 1971). The following relationship was obtained from experiments 
conducted at 25°C in a wetted sphere absorber: 
 
1125
ˆ5,3O2N3O2N
Pa s m mol1057.1ˆ −−−−×=
fLm
k DH  (5.112) 
 
Due to the lack of available data, the value above was used throughout the length of the 
absorber, thus assuming that 
fLm
k ˆ5,3O2N3O2N
ˆ DH is constant for all temperatures. This is 
justified based on two opposing effects: the decrease of 
3O2N
H , and the increase of both 
Lm,3O2N
 D and 
f
k ˆ5
ˆ with increasing temperature.  
 
5.5.2.4 Disproportionation of Nitrous Acid 
 
Assuming that the disproportionation of HNO2 in solution is irreversible, the reaction is 
given by: 
( ) ( ) ( ) ( )
( ) ( ) ( )aq2NOlOHaqNO                                              
aqHaqHNO 1
ˆ
aq3HNO
233HNO
3HNOundissoc.33HNO
ˆ6
undissoc.2
+++
+− →
−
+
α
ααf
k
 (5.113) 
 
The extensive work of Abel and Schmid (1928a; 1928b; 1928c; 1928d; 1928e) on the kinetics 
of HNO2 decomposition have shown that: 
 
2
NO
4
undissoc.2HNO2
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L
f C
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kr H==  (5.114) 
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Where NOH is the Henry’s constant for NO. 
 
The rate constant for the disproportionation reaction has been derived by Hoffman and Emig 
(Hoffmann et al. 1979) based on the data of Abel and Schmid (1928a; 1928b; 1928c; 1928d; 
1928e) as presented by Wendel and Pigford (1958): 
 
20.1979 6200ˆlog ˆ6 +−=
Lf T
k  (5.115) 
 
Where 
f
k ˆ6
ˆ is the forward rate constant in kmol−3 m9 atm2 s−1 . 
 
5.5.2.5 Chemical Production Rate of Aqueous Species 
 
Similar to Equation (5.101), the liquid phase reactions (5.107), (5.110) and (5.113) are 
labelled by the index t, and can also be collectively symbolised by: 
 
∑∑ →
n
j
jtj
t
n
j
jtj Zb
kZa ~~  ,  ,  (5.116) 
 
Where jZ
~  represents one mole of aqueous species j. 
 
The rate of production of component j by chemical reaction in the liquid phase, 
Lj
r~ , can be 
calculated from: 
 
( )∑ −=
3
,,
~ ~
t
ttjtjLj
rabr  (5.117) 
 
Where tr~  is the rate of progress of liquid phase reaction t  
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5.6 Thermodynamic and Transport Data 
 
Thermodynamic and transport properties of the species were obtained from Yaws (1999)  and 
the NIST Chemistry WebBook (Linstrom et al.). In cases where literature values were not 
readily available, calculations were performed using the Aspen Plus Version 2006.5 (Aspen 
Technology 2007) and OLI Analyzer Studio Version 3.1 (OLI Systems 2010) software 
package. The data used in this model are shown in Appendix B. 
 
5.6.1 Standard state 
 
The standard state for the calculation of the thermodynamic properties is taken to be the pure 
component at 1 atm and 25°C, and 1M for solutions.  
 
5.6.2 OLI Analyzer 
 
The OLI Analyzer Studio Version 3.1 (OLI Systems 2010) is an applications software 
designed to simulate and predict the chemical and phase behaviour of aqueous-based 
inorganic or organic systems. The thermodynamic and transport properties of the aqueous 
mixtures were computed, in most cases, using the Mixed Solvent Electrolyte (MSE) 
thermodynamic framework which accommodates concentrated solutions. The properties of 
the gases were typically generated as a function of temperature and pressure, while those of 
the aqueous species were formulated as a function of temperature and nitric acid 
concentration.  
 
5.6.3 Aspen Plus 
 
Aspen Plus Version 2006.5 (Aspen Technology 2007) is a modelling tool that predicts 
process behaviour using engineering relationships such as mass and energy balances, phase 
and chemical equilibrium and reaction kinetics. The program contains a large database of 
pure component and phase equilibrium data for conventional chemicals, electrolytes, solids, 
and polymers. To calculate the thermodynamic properties of the gas and liquid, a simple 
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setup consisting of a mixer and a flash drum was used in the simulations. The mixer 
combines different reactant streams into one, while the flash drum performs two-phase 
equilibrium calculations and separates the outlet stream into its constituent phases (i.e. one 
vapour outlet stream and one liquid outlet stream). 
 
5.6.4 Properties of steam and liquid water 
 
The properties of water were calculated using a Microsoft Office Excel 2007 add-in, which is 
a supplemental program that adds custom commands or features to the software package. The 
add-in developed by Spang (2002) provides a set of functions which calculate the 
thermodynamic and transport properties of water and steam using the industrial standard 
IAPWS-IF97. Properties in the single-phase as well as in the saturated state can be calculated 
for temperatures between 273.15 K and 1073.15 K and pressures between 0 and 1000 bar. 
 
5.6.5 Gas Phase 
5.6.5.1 Component Properties 
5.6.5.1.1 Heat Capacity, Enthalpy of Formation and Gibbs Energy Change of 
Reaction 
 
The use of polynomials to express thermochemical properties as a function of temperature 
became an interest to government agencies such as NASA and various National Laboratories 
after its first introduction by Lewis and Randall (1961). Polynomials would serve as an 
alternative to the consolidation of vast quantities of data into large tables and therefore 
simplify the evaluation of equilibrium compositions often required by the organisations. This 
led to the development of the 7-coefficient NASA polynomials by the organisation’s 
thermodynamic group. Burcat and Ruscic (2005) has provided a comprehensive compilation 
of the data which was used in this work to calculate the heat capacities and formation 
enthalpies of the gaseous species: 
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Where 
 na  = constant for n = 1, 2, …, 6 
 ∫+=
GT
G
Gj
pGjGTG
j TCHH
298K 298
d~~~ = formation enthalpy of gaseous species j at GT  
 
The Gibbs energy of formation of species j, 
Gj
G~ , can be evaluated from its entropy: 
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Where  
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The Gibbs energy change for gas phase reaction s, 
Gsrxn
G ,
~
∆ , may be written as: 
 
( )∑ −=∆
n
j G
jsjsjGsrxn
GabG ~ ~ ,,,  (5.121) 
 
which can then be used to compute the equilibrium constant sK  in Equation (5.103).  
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The themochemical properties above have been fitted with two sets of polynomials; one of 
which is valid for low temperatures (200 – 1000 K) and the other for high temperatures (1000 
– 6000 K). Both sets are constrained to produce matching values at the standard reference 
temperature of 298.15 K and at the common or intersecting temperature (1000 K).  A list of 
the polynomial constants covering both temperature ranges can be found in Appendix C. 
 
5.6.5.2 Mixture Properties 
 
Assuming that the gases are ideal, the following relationships apply for the mixture: 
 
Molecular weight: ∑
=
=
n
j
jjG MyM
1
~  
 
Heat capacity: ∑
=
=
n
j Gj
pjGp
CyC
1
~~~  
 
Enthalpy of formation: ∑
=
=
n
j G
jjG HyH
1
~~~  
 
Density: ∑
=
=
n
j G
jG
1
ρρ  
 
Viscosity: 
The following general equation for the viscosity of gas mixtures has been derived by 
Wilke (1950) based on the kinetic theory: 
 
∑
∑=
=
=
n
j
n
k G
jkk
Gjj
G
y
y
1
1
~
~
φ
µ
µ  
(5.122) 
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where 2/1
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Gkj
φ  is found by interchanging subscripts or by 
Gjkk
j
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Gkj M
M
φ
µ
µ
φ =  
 
Thermal conductivity: 
Reid et al. (1987) have shown that Equation (5.122) is also applicable to mixture 
thermal conductivities by substituting µ  with k: 
 
∑
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φ
 
 
Where 
Gjk
φ is the interaction parameter for the viscosity of the gas mixture. 
 
Diffusion coefficient: 
The diffusion coefficient of a dilute component j diffusing into a homogeneous 
mixture was assumed to be valid for this system (Reid et al. 1987): 
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Assuming that the effective binary diffusivities 
Gmj,
 D  for all the gaseous species are 
the same, 
 
1
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5.6.6 Liquid Phase 
5.6.6.1 Component Properties 
5.6.6.1.1 Partial Molar Enthalpies 
 
The partial molar enthalpies of the aqueous species 
Lj
H~ required to solve Equation (5.48) 
were obtained from the OLI Analyzer Studio Version 3.1 (OLI Systems 2010). 
 
5.6.6.2 Mixture Properties 
 
Assuming that the aqueous solution consists only of nitric acid, the thermodynamic and 
transport properties of the liquid mixture were calculated as a function of temperature and 
acid concentration using the Aspen Plus Version 2006.5 (Aspen Technology 2007) software 
package.  
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5.6.7 Henry’s Law Constant 
 
The Henry’s constants of the species were obtained from NIST (Sander 2011) and are defined 
by: 
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
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
=
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11
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i
i
j
jij T
T
T
H
HH   (5.123) 
 
Where  
 jH = Henry's law constant for solubility in water at 298.15 K (mol kg
−1 bar−1) 
 
( )[ ]






i
j
T
1d
lnd H
 = temperature dependence constant (K) 
 
The constants of Equation (5.123) are given in Table 5.5 for the nitrous species: 
 
Table 5.5: Henry’s Law Constants for nitrous species. 
Species Reference jH  ( )[ ] ( )ij T/1d/lnd H  
NO Schwartz and White (1981) 0.0019 1500 
NO2 Schwartz and White (1981) 0.012  
N2O3 Schwartz and White (1981) 0.60  
N2O4 Schwartz and White (1981) 1.4  
HNO2 Schwartz and White (1981) 49 4800 
HNO3 Schwartz and White (1981) 5101.2 ×   
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5.7 Condensation Heat Transfer Coefficient 
 
The latent heat released during condensation oncondensatiq  is given by: 
 
G
absoncondensati Jq O2HO2H
λ=  (5.124) 
 
Where 
 
GL
HH O2HO2HO2H
~~
−=λ = latent heat of condensation 
 
The condensation heat transfer coefficient, oncondensatih , can then be defined as follows: 
 
innerwi
G
abs
innerwi
oncondensati
oncondensati TT
J
TT
q
h
,
O2H
O2H
, −
=
−
=
λ
 (5.125) 
 
5.8 Sensitivity Analysis 
 
Sensitivity analysis studies the effects of changes in input parameters (rate constants, 
thermodynamic constants, transport coefficients, operating conditions, etc.) on the solutions 
of mathematical models. Model parameters, and hence the resulting model predictions, are 
usually subject to a certain degree of uncertainty, and careful sensitivity analysis aids in 
determining those parameters that require additional experimental studies. Also, unimportant 
elementary reactions may be identified through sensitivity analysis and large complex models 
can be subsequently simplified. Similarly, sensitivities can be used to determine the 
parameters which play a dominant controlling role in the kinetics of the system. The 
sensitivity information is usually represented in the form of sensitivity coefficients (partial 
derivatives), the interpretation of which can provide knowledge about the interconnection of 
parameters and variables. 
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5.8.1 Local sensitivity 
 
As opposed to global sensitivity methods in which the effects of simultaneous, large 
variations in system parameters are taken into account, the local methods involve small 
perturbations to the parameters. The sensitivity information produced signifies parametric 
gradients at single points in the parameter space. In other words, the local sensitivity 
coefficient represents the percentage change in response caused by a percentage change of 
the parameter kα . In this work, the concentration of the aqueous species j, LjC ,  was chosen 
as the monitored response. For direct comparison between sensitivity data, the dimensionless 
normalised sensitivity coefficients (Gardiner 1977; Dougherty et al. 1979) are often used: 
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

∂
∂
=  (5.126) 
 
Normalisation of the sensitivity coefficients remove artificial variation due to the differences 
in magnitudes of 
Lj
C and kα . The local sensitivity analysis was carried out on a range of 
system parameters and the results are presented in Chapter 6.  
 
5.9 Challenges in Model Implementation 
 
Despite the ease of model setup in Microsoft Excel, the calculations were almost always 
intermittent, frequently stopping after the maximum number of 32767 iterations was reached. 
In addition, this forward-marching numerical procedure often required complete convergence 
of the previous Microsoft Excel “cells” before further computation could proceed. The 
modelling process was therefore labour intensive and time-consuming, as the cells had to be 
manually filled with the appropriate mathematical functions, and repeated, until the desired 
length of absorber (or nominal residence time) was achieved. Model run times typically 
ranged between 48 and 168 hours, depending on the simulation conditions. Debugging of the 
software program was also difficult; an error message appearing in a cell would often lead to 
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the emergence of the same error message in all dependent cells, thus making it difficult to 
determine the source of the problem.  
 
5.10 Conclusions 
 
A shear-driven flow model, based on a vapour core and an annular liquid film with a smooth 
interface, has been constructed to capture the condensation and absorption behaviour of 
ammonia combustion products in microchannels. The model is valid for both laminar and 
turbulent flows. Correction factors for the gas and liquid transfer coefficients have been 
derived to account for the effects of high mass transfer rates and the influence of absorption 
accompanied by a fast chemical reaction. The concept of partial chemical equilibrium was 
also introduced as a means to solve stiff systems.  
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6 Simulation results and discussion 
 
The foundations of a model for the simultaneous condensation of steam and absorption of 
nitrous gases have been presented in Chapter 5. In this chapter, the model is validated against 
literature data and comparisons are made between the predictions of the model and the 
observed data obtained from experiments. Refinement of the model is subsequently achieved 
through the introduction of a model fitted parameter.  
 
6.1 Model Validation 
6.1.1 Condensation 
 
The condensation behaviour of the system as predicted by the model was validated against 
the experimental results of Wu and Vierow (2006). The condensation of steam, with air 
present as the non-condensable gas, was studied in a horizontal heat exchanger consisting of 
a single tube with an outer diameter of 31.7 mm and a wall thickness of 2.1 mm. Coolant 
water flowed through the surrounding annulus (63.5 mm OD) at an inlet temperature of 45°C 
and a flow rate of 1.48 kg/s. The boundary conditions used in the simulation were identical to 
the experimental conditions above, except for that of the coolant temperature, which was 
assumed to be constant at 45°C. This assumption is justified as the changes in measured 
coolant temperatures were small (~2°C) throughout the condensation length. The physical 
process was simulated for a saturated mixture of steam and air with the following conditions; 
inlet steam flow rate: 11.5 g/s, inlet air mass fraction: 5% and inlet pressure: 2 bar. The local 
heat transfer coefficients as defined by Wu and Vierow (2006) were subsequently calculated: 
 
innerwG
w
TT
q
h
,−
=  (6.1) 
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Using Equation (5.48), Equation (6.1) can also be written as: 
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The term above includes the condensation heat transfer coefficient oncondensatih  and the 
condensate film heat transfer coefficient Lh  because they lacked the data needed to separate 
the two components. A comparison between the published experimental and simulated heat 
transfer coefficients is shown in Figure 6.1. 
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Figure 6.1: Comparison of predicted to experimental local heat transfer coefficients of 
Wu and Vierow (2006) for a 27.5 mm ID tube with an inlet steam flow rate of 11.5 g/s, 
5% air mass fraction, 2 bar inlet pressure and 45°C coolant temperature. 
 
 138 
 
 
As the model assumes a uniform film thickness around the inner circumference of the tube, 
the heat transfer coefficient at the top cross-section of the tube cannot be discriminated from 
that at the bottom half. However, it can be seen that the simulated values lie in between the 
two sets of experimental values, as would be expected if average values were used. The 
distinction between the top and bottom local heat transfer coefficients is not necessary in this 
work because gravity effects are relatively weaker in small channels. 
 
Furthermore, the simulation work of Baird et al. (2003), on which this model was based, has 
been validated against experimental data for condensation in passages with diameters from 
0.92 to 1.95 mm; an average error of +5% with a standard deviation of 25% was obtained for 
the data set of more than 2000 points. Hence, the model should be capable of accurately 
capturing the effects of the condensation process in both large and small channels under 
laminar and turbulent flow conditions.  
 
6.1.2 Partial Chemical Equilibrium 
 
The partial chemical equilibrium method discussed in Section 5.4.4.5 is based on the 
assumption that the gas phase formation of N2O3 and N2O4 are constantly in equilibrium due 
to their high reaction rates. This assumption was validated by performing complete kinetic 
calculations of the homogeneous gas phase reactions using a simple plug-flow reactor (PFR) 
model in the CHEMKIN software package (Reaction Design 2006). The results obtained 
were then compared against those computed from the model developed in this work. 
 
To define and solve a kinetic problem in CHEMKIN, it is necessary to provide a set of 
governing equations, a chemical reaction mechanism, and the relevant thermodynamic and 
transport data. The selection of a PFR model in CHEMKIN automatically presets the 
assumption that convection dominates transport in the axial direction, while complete mixing 
occurs in the transverse direction. Additionally, the in-built governing equations reflect a 
system that is at steady state. These assumptions are similar to the ones adopted in the current 
work, which makes the PFR a suitable model for comparison. 
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The required gas phase reaction mechanism was taken from the Åbo Akademi University 
database (Zabetta et al. 2000), and modified to include the two fast formation reactions: 
 
2
2 2 42NO (g) N O (g)
K

  (6.3) 
3
2 2 3NO(g) + NO (g) N O (g)
K

  (6.4) 
 
 The Arrhenius rate coefficients used to calculate both reaction rates were presented earlier in 
Sections 5.5.1.2 and 5.5.1.3. As with the current model, the thermodynamic database of 
Burcat and Ruscic (2005) was also utilised in the PFR model since the CHEMKIN package 
has been designed to work with data tabulated in a form identical to that of the 7-coefficient 
NASA polynomials (Section 5.7.1.1). Finally, the transport properties of the gaseous mixture 
were evaluated from a collection of molecular parameters provided in the CHEMKIN 
transport database. The chemical equations, kinetic parameters and transport data used in the 
simulations are listed in Appendix C. 
 
In the simulations, the plug-flow reactor was assigned dimensions typical of the experimental 
reactor (1.4 mm ID and 1 m long). The inlet gas, which consisted of equimolar quantities of 
NO and O2, had a mass flux of 2.8 kg m-2 s-1 at 180°C and a pressure of 2 bar absolute. The 
surface temperature was set at a constant value of 25°C and the gas energy equation was 
solved with a constant gas to wall heat transfer coefficient Gh  of 76.1 W m
-2 K-1. The value 
of Gh  was obtained by taking an average of the values as calculated by the present model 
under the same conditions using a gas phase Nusselt number GNu  of 4.36. The temperature 
profile obtained from CHEMKIN was then matched by the current model to eliminate the 
effects any differences in temperature may have on the product concentrations. The 
concentration profiles of the simulations are shown in Figure 6.2. 
 
Essentially perfect agreement has been achieved between the two models, despite the use of 
different assumptions and methods of calculation. This verifies that the formation reactions of 
N2O3 and N2O4 are fast compared to the time-scale of integration such that the use of 
equilibrium relations does not have a significant impact on the accuracy of the calculated 
concentrations. 
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Figure 6.2: Axial variation of species partial pressures in a 1.4 mm ID tube for inlet 
conditions of: 50% NO and 50% O2, 2 bara, 180°C and mass flux of 2.8 kg m-2 s-1. 
 
 
6.2 Model Predictions 
 
Once the model has been separately validated for the condensation process and gas phase 
reactions, the combined effects of these physical and chemical changes can then be explored. 
Simulations were performed for the system with the following operating conditions; inlet gas 
composition: 10% NO, 15% O2 and 75% H2O, inlet pressure: 2 bar absolute and inlet mass 
flux: 9.6 kg m-2 s-1. The predictions of the model are shown in Figure 6.3. 
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Figure 6.3: Effects of condensation on the absorption efficiency and gas concentration 
profiles for absorption in a 1.4 mm ID tube at 2 bar absolute with an inlet gas 
composition of 10% NO, 15% O2 and 75% H2O, and an inlet mass flux of 9.6 kg m-2 s-1. 
 
 
The fraction of steam that has condensed was calculated from the following equation: 
 
Percent condensation = %100
,O2H
O2H ×
inG
L
m
m


 (6.5) 
 
Where 
L
m O2H is the mass flow rate of water in the liquid phase and inGm ,O2H is the total 
mass flow rate of steam at the inlet. 
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The absorption efficiency has been defined in Section 3.5 as: 
 
xLxL
XX −− += 3NO / 3HNO2NO / 2HNO
 efficiency Absorption  (6.6) 
 
Where 
 
G,in
xL
j
xj C
Cn
X
NO
100
⋅
⋅= , ( −−= 3322 /NOHNO,/NOHNOj ) = product yield 
 n = number of nitrogen atoms in species j 
 
xL
jC  = molar concentration of aqueous species j at a distance x  
 
G,in
CNO  = molar concentration of NO at the absorber inlet 
 
It can be seen from the figure above that condensation is complete within a nominal residence 
time of 0.007s, calculated based on the inlet temperature and pressure described above. This 
translates to a condensation length of 8.4 cm from the inlet of the absorber. As condensation 
occurs, the rapid decrease in specific volume as a result of the phase change causes a sudden 
increase in the partial pressure of the individual gases, as shown in Figure 6.3 for nominal 
residence times s007.0<nominalresidence,t . This rise in concentration of the gases will lead to 
an enhancement of the NO oxidation rates. 
 
During the condensation process, an absorption efficiency of only 1.6% was predicted, with 
the gas phase oxidation of NO still being far from equilibrium: 
 
 12
1
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NO
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2NO
1011.8 −×=
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These observations indicate that the condensation of steam occurs at a rate much higher than 
that of the overall absorption process, which involves both mass transfer and chemical 
reactions in the gas and liquid phases.  
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Once condensation is complete, the downstream section of the absorber resembles a two-
phase co-current plug flow reactor, in which the radial gradients are negligible. Following the 
surge in partial pressures, the concentration of NO starts to decrease as its reaction with O2 
comes into effect. This causes the partial pressure of NO2 to rise, after which it gradually 
decreases again as the formation rate of NO2 is exceeded by its rate of consumption to form 
N2O4 and N2O3 and then acid. Although still constituting a reactant, O2 appears to increase 
in partial pressure as the gas phase reactions take place. This is analogous to the increase in 
concentration of the gases as condensation proceeds; as the nitrous gases are absorbed into 
the liquid film, the partial pressure of the uncondensed species rises. Furthermore, the small 
pressure drop ( Pa 350≈∆ TP ) across the laminar flow system indicates that the pressure of 
O2 at complete absorption should not be significantly different from the total pressure at the 
inlet. 
 
It must be noted that the percent condensation starts to decrease after a nominal residence 
time of 0.007s, and this is due to its definition of Equation (6.5) above. As the liquid film 
grows with condensation, some of the water is chemically converted into nitrous and nitric 
acid by the hydrolysis of the dissolved nitrous species, leading to a reduction in the mass flow 
of water in the film. 
 
6.3 Sensitivity Analysis 
6.3.1 Comparison between Simulations and Experiments 
 
The product yields predicted by the model for the conditions of Figure 6.3 show qualitative 
agreement with the experimental data, as can be seen from Figure 6.4, but there are 
significant quantitative discrepancies at short nominal residence times. 
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Figure 6.4: Comparison of predicted and experimental product yields for absorption in 
a 1.4 mm ID tube at 2 bar absolute with an inlet gas composition of 10% NO, 15% O2 
and 75% H2O, and an inlet mass flux of 9.6 kg m-2 s-1. Points show experimental results 
while lines show predictions of the annular shear model described in the text. 
 
 
In order to understand the discrepancy between the observed and simulated values, the 
parameters which play a dominant controlling role in the kinetics of the system must be 
identified. A local sensitivity analysis was therefore carried out by applying a 10% increase 
in the following system parameters, each in turn: 
(a) Mass transfer coefficients 
(b) Heat transfer coefficients 
(c) Reaction rate constants 
(d) Henry’s constants 
(e) Gas phase friction factor 
(f) Gas-liquid interfacial area 
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The nitrous and nitric acid concentrations were found to be relatively insensitive to all but the 
following parameters: the gas phase mass transfer coefficient Gβ , the heat transfer 
coefficient between the bulk gas and the interface Gh , the reaction rate constant for NO 
oxidation 
f
k ˆ1ˆ and the interfacial area between the gas and liquid iA . The results of the four 
parameters are shown in Figure 6.5, with the rest presented in Appendix D. A summary of the 
maximum sensitivity coefficient obtained for each parameter is shown in Table 6.1. 
 
Table 6.1: Sensitivity coefficients of system parameters used in the sensitivity analysis. 
System Parameter Maximum value 
Vapour-liquid interfacial area, iA  10 
Gas phase mass transfer coefficient, Gβ  5 
Heat transfer coefficient between bulk gas and interface, Gh  4 
Reaction rate constant for NO oxidation, 
f
k ˆ1ˆ  2 
Heat transfer coefficient of the coolant, ch  0.70 
Heat transfer coefficient of the condensate film, Lh  0.34 
Gas phase friction factor, Gf  0.27 
Reaction rate constant for HNO2 disproportionation, fk ˆ6
ˆ  0.24 
Reaction rate constant for hydrolysis of N2O4, fk ˆ4
ˆ  0.12 
Mass transfer coefficient of species j in the liquid, 
Lj
β  0.08 
Reaction rate constant for hydrolysis of N2O3, fk ˆ5
ˆ  0.06 
Henry's law constant for species j, jH  0.02 
 
 
In all the cases studied, the increase in acid concentrations appears to be largest at the 
beginning of the condensation process, and becomes less pronounced as condensation reaches 
completion. However, the large sensitivities cannot be taken to suggest that the acid solutions 
produced near the inlet of the absorber are necessarily of high concentrations. A 10% 
increase in the parameters could produce large relative changes in the concentrations of a 
dilute acid solution.  
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Figure 6.5: Effects of a 10% increase in the model parameters iA , Gβ , Gh  and fk ˆ1ˆ  on the acid concentrations jz  for absorption in a 1.4 
mm ID tube at 2 bar absolute with an inlet gas composition of 10% NO, 15% O2 and 75% H2O, and an inlet mass flux of 9.6 kg m-2 s-1.
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Near the inlet of the absorber ( s 022.0<nominalresidence,t ), the acid concentrations are more 
sensitive to the gas phase mass transfer coefficient Gβ  compared to the reaction rate constant 
for NO oxidation 
f
k ˆ1ˆ  but the order of the sensitivities is reversed towards the end of the 
absorber.  This suggests that the relative limitations to the overall process provided by 
reaction and mass transfer change during the course of the process. 
 
The large impact of the gas phase heat transfer coefficient Gh  on the product concentrations 
is mainly attributed to the effect of this parameter on the bulk gas temperature – a low value 
of Gh  sees the gas temperatures rise, which in turn causes the rate of formation of nitrogen 
oxides in the gas phase to decrease. 
 
A comparison of the sensitivity coefficients shows the acid concentrations are most sensitive 
to the vapour-liquid interfacial area iA , and this is true throughout the length of the absorber. 
An increase of 10% in the interfacial area leads to a 6.9% increase in the nitric acid 
concentration at the outlet of the absorber ( s 05.0, =nominalresidencet ). Hupen and Kenig 
(2005) obtained similar results (7.2% increase in absorption rate due to a 10% increase in 
interfacial area) for their sensitivity studies on packed columns for NOx absorption. An 
increase in area not only enhances mass transfer (as an increase in Gβ  also does) but also 
enhances heat transfer (as does an increase in Gh ). 
 
6.3.2 Model Fitting 
 
Model fitting involves estimating and adjusting certain parameter values of the model to 
obtain the best fit of the predictions to the experimental data. For many models, this is 
typically achieved through graphical methods involving curve fitting, which has been the 
adopted approach in this work.  
 
The key observation that can be made from the sensitivity information presented above is that 
the shapes of the calculated curves are in most cases very similar to each other. This is 
usually the case when a parameter plays a dominant controlling role in the kinetics of the 
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system. As identified above, that role has been fulfilled by the vapour-liquid interfacial area 
for this system, and a multiplier for the term, iAθ , has been introduced to serve as a fitted 
parameter in the model. An adjustment to the interfacial area leads to a direct change in the 
mass and heat transfer rates, both of which have a rather large influence on the product yield. 
This interfacial area multiplier would typically carry values equal to or greater than one, such 
that the possible effects of interfacial waves and intermittent flow patterns can be 
incorporated into the model. These two phenomena will be further discussed below.  
 
6.3.2.1 Interfacial Waves 
 
In annular two-phase flow, the vapour-liquid interface is not often smooth but has been 
observed to be covered with ripples or a complex pattern of waves (Hall Taylor et al. 1963; 
Nedderman et al. 1963; Louahlia-Gualous et al. 2007; Schubring et al. 2008). The waves 
generally arise from instabilities forming at the phase boundary due to the interfacial shear 
between the two phases moving at different velocities (Kelvin-Helmholtz instability). The 
waveforms can vary widely in frequencies, amplitudes and wavelengths, with some of these 
quantities being several times larger than the mean film thickness (Knuth 1954). 
 
The waves improve heat and mass transfer within the system by increasing the interfacial 
area, reducing the mean thickness of the liquid film and inducing convective transfer which 
augments conduction and diffusion in the film. Drew (1954) has found that the experimental 
heat transfer coefficients for film-type condensation on vertical surfaces can reach values up 
to 50% higher than those obtained from the Nusselt theory, and accredited the increase to the 
mixing action of ripples in the film. The increase in interfacial area due to the presence of 
such waves could therefore explain the higher values of nitric acid concentrations observed in 
this work compared to those obtained from simulations. 
 
6.3.2.2 Intermittent Flow Regime 
 
The transition from annular flow to slug or plug flow (collectively referred to as intermittent 
flow) may also occur during the condensation and absorption process. At low void fractions, 
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such as at the end of the condensation and absorption process, liquid bridges may begin to 
form in the condensing liquid film on the cooler walls, while the vapour core shrinks and its 
velocity increases. When the interfacial waves grow sufficiently in amplitude such that the 
surface tension and viscous force between the gas and liquid dominates over the inertial force 
of the vapour, a transition between the annular and slug flow occurs. This transition, termed 
injection flow, eventually breaks apart to form Taylor bubbles separated by slugs of liquid, or 
also known as slug flow. As condensation progresses, the slugs coalesce to form plug flow, 
which consists of elongated gas bubbles separated by liquid plugs. These plugs can either be 
stratified or non-stratified, depending on the mass flux and tube geometry.  
 
Although visualisation of the flow patterns was not conducted in this work, a comparison of 
the experimental superficial gas and liquid velocities against the flow pattern maps of Triplett 
et al. (1999) and Garimella et al. (2005) indicates that intermittent flow prevails towards the 
end of the absorber. An example is shown in Figure 6.6. The collapse of the annular liquid 
film to form vapour slugs or bubbles increases the contact area between the gas and liquid, 
thus producing heat and mass transfer rates that are much higher than those predicted from 
the model. The interfacial area multiplier introduced above therefore corrects the model for 
these effects.  
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Figure 6.6: Typical superficial gas and liquid velocities in a 1.4 mm ID tube plotted 
against the flow pattern map of Triplett et al. (1999) constructed for horizontal water-
air flow in a 1.45 mm ID circular pipe at 25°C. Arrow indicates progression of velocities 
from the absorber inlet. 
 
 
6.3.3 Application of the Model Fitted Parameter 
 
An example of the application of the interfacial area multiplier iAθ is shown in Figure 6.7 
below for the same operating conditions of Figure 6.3 and Figure 6.4; inlet gas composition: 
10% NO, 15% O2 and 75% H2O, inlet pressure: 2 bar absolute and inlet mass flux: 9.6 kg m-2 
s-1. 
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Figure 6.7: Effects of interfacial area multiplier on product yields for absorption in a 1.4 
mm ID tube at 2 bar absolute with an inlet gas composition of 10% NO, 15% O2 and 
75% H2O, and an inlet mass flux of 9.6 kg m-2 s-1. Points show experimental results 
while lines show predictions of the uncorrected (   1=iAθ ) and corrected 
(   3=iAθ ) model described in the text. 
 
 
With no adjustments being made to the vapour-liquid interfacial area (i.e. 1=iAθ ), the model 
underpredicts the experimental nitric acid yield by 24% and overpredicts the nitrous acid 
yield by 46%. Based on the sensitivity analysis above, increasing the simulated interfacial 
area would produce a better fit to the observed data, as this would increase the nitric acid 
yield. Through a trial-and-error method, a relatively good fit (<5% error) was obtained when 
the interfacial area multiplier was set to a value of 3=iAθ  in the model. The parameter 
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iAθ essentially acts to increase the heat and mass transfer rates across the vapour-liquid phase 
boundary, thereby improving product yields, as will be demonstrated in the sections below.  
 
Since there are multiple parameters, each with uncertainties, that could influence the 
predictions, it is important not to equate the value 3=iAθ  too precisely with a physical area 
increase by that factor. Furthermore, interfacial waves may affect not only the physical area 
but also impact on heat and mass transfer processes directly, so it is not always possible to 
separate the different sensitivities anyway. Nevertheless, it is encouraging to note that the 
magnitude of iAθ is not unphysical in terms of area enhancement that might be expected from 
creation of more complex flow structures than the annular flow assumption. 
 
6.3.3.1 Temperature Profiles 
 
The effects of the model fitted parameter iAθ on the fluid and wall temperature profiles are 
shown in Figure 6.8. It can be seen that with increased vapour-liquid interfacial areas 
( 1>iAθ ), the heat transfer from the gas to the interface is enhanced such that lower gas 
temperatures can be achieved with 3=iAθ  at equivalent nominal residence times. The 
reduced temperatures lead to an acceleration of the gas phase reactions, thereby improving 
the absorption efficiency of the system. The initial increase in interfacial (saturation) 
temperature near the inlet of the absorber is due to increased interfacial steam partial 
pressures as a result of improved mass transfer rates, as will be shown in the section below. 
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Figure 6.8: Effects of interfacial area multiplier on the simulated fluid and wall 
temperatures for absorption in a 1.4 mm ID tube at 2 bar absolute with an inlet gas 
composition of 10% NO, 15% O2 and 75% H2O, and an inlet mass flux of 9.6 kg m-2 s-1. 
Results are shown for predictions of the uncorrected (   1=iAθ ) and corrected 
(   3=iAθ ) model described in the text. 
 
 
6.3.3.2 Gas Concentration Profiles 
 
The influence of the interfacial area multiplier on the concentration profiles of the gaseous 
species in the bulk stream and at the vapour-liquid interface for the same system above 
(Section 6.2) is shown in Figure 6.9.  
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Figure 6.9: Effects of interfacial area multiplier on the gas concentration profiles for absorption in a 1.4 mm ID tube at 2 bar absolute 
with an inlet gas composition of 10% NO, 15% O2 and 75% H2O, and an inlet mass flux of 9.6 kg m-2 s-1. Results are shown for partial 
pressures of species in the bulk gas (   ) and at the vapour-liquid interface (   ).
 155 
 
During the condensation process, in which high mass transfer rates across the phase boundary 
are involved, the non-condensable gases in the bulk stream are carried along with the steam 
towards the interface where the soluble gases (NO2, N2O3, N2O4, HNO2, HNO3) then 
dissolve into the annular liquid film. Figure 6.9a and Figure 6.9b show that at the onset of 
condensation, the partial pressure of NO at the interface is higher than that in the bulk gas, 
which is a clear indication of the suction effect caused by the physical reaction. As the 
driving force for condensation is highest near the inlet of the absorber, the large flux of steam 
towards the interface induces a bulk flow of material so high that the rather insoluble NO 
starts to build up at the phase boundary in a manner similar to the other non-condensable and 
non-absorbable gases. When the partial pressure of NO at the interface increases above that 
in the bulk of the mixture, the concentration gradient produces a driving force for the 
diffusive backflow of NO into the bulk.  
 
The effect of increasing the interfacial area by a factor of 3 through the use of the multiplier 
iAθ reduces the time required for condensation to reach completion, as can be seen from a 
comparison between Figure 6.9a and Figure 6.9b. This acceleration in the rate at which steam 
condenses is caused by the increase in heat transfer rate as shown in Section 6.3.3.1. Since 
the resulting decrease in specific volume occurs over a shorter timeframe, the partial 
pressures of the non-condensable gases, and hence the gas phase reaction rates, are increased 
more rapidly compared to that of the uncorrected model.  
 
Furthermore, the increased transfer rate of steam from the bulk gas mixture to the phase 
boundary also results in a higher partial pressure of steam at the interface (Figure 6.9b vs. 
Figure 6.9a). To ensure that the total pressure at the interface is maintained equal to that of 
the main gas stream, the interfacial partial pressures of the remaining non-condensable and 
non-absorbable gases are therefore decreased accordingly. This can be seen from the 
difference in the interfacial partial pressure of NO between Figure 6.9a and Figure 6.9b. It 
must be noted the partial pressure of O2 at the interface was not tracked and is consequently 
not shown in these results because there is no net movement of the gas towards the phase 
boundary at steady-state conditions. Since oxygen is assumed to be non-condensable and 
non-absorbable in the solution, its rate of removal from the interface is equal to its rate of 
arrival. 
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Beyond the end point of condensation, the improvement in absorption rates resulting from the 
application of the interfacial area multiplier can also be observed from the lower partial 
pressures of N2O4 and N2O3 in Figure 6.9d ( 1>iAθ ) compared to those in Figure 6.9c 
( 1=iAθ ). Despite having lower gas temperatures (Figure 6.8) and rather similar oxygen and 
NO partial pressures, the gaseous nitrous species for 3=iAθ  are of much lower 
concentrations than that for 1=iAθ , especially during the initial stages of absorption. This is 
because the transport rate of the nitrous species across the phase boundary has been 
significantly enhanced by the increase in interfacial area such that the process starts to 
become limited by the oxidation reaction of NO. 
 
6.4 Comparison between Simulations and Experiments 
6.4.1 Effects of Nominal Residence Time 
 
In the study on the effects of nominal residence time on the product yields, experiments were 
carried out at 8 bar absolute for an inlet gas composition of 5% NO, 49% O2 and 46% H2O 
with varying inlet mass fluxes (11 – 23 kg m-2 s-1). With the interfacial area multiplier iAθ set 
equal to unity, simulations were performed as per the conditions of the experiments and the 
results obtained were compared against the observed values.  
 
On first glance, Figure 6.10 shows good agreement between the calculated and observed data 
for both the nitric and nitrous acid yields. However, a closer look at the results at the short 
nominal residence time of 0.05 s reveals that the experimental nitric acid yield is significantly 
underpredicted by the model. Applying an interfacial area multiplier of 1>iAθ to the model 
would produce a better prediction of the values without significantly affecting the results at 
longer residence times, since absorption has almost reached completion at these points.  
 
Increasing residence times allows for the completion of the slow NO oxidation and for the 
full absorption of the gaseous NOx species. According to the model, with increasing nominal 
residence times, the concentration of nitrous acid increases rapidly near the inlet of the 
absorber, reaches a maximum at a nominal residence time of 0.055 s, and starts to gradually 
 157 
 
decrease thereafter. The presence of a peak in the yield suggests that the rate of nitrous acid 
production is equal to its rate of disproportionation at that point. These results indicate that 
absorption efficiencies comparable to those achieved in high pressure industrial absorption 
towers (99%) can be obtained in a microchannel system consisting of a much smaller 
volume. 
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Figure 6.10: Effects of nominal residence time on product yields for absorption in a 1.4 
mm ID tube at 8 bar absolute with an inlet gas composition of 5% NO, 49% O2 and 
46% H2O, inlet mass fluxes ranging between 11 – 23 kg m-2 s-1 and 1=iAθ . Points show 
experimental results while lines show predictions of the annular shear model described 
in the text. 
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6.4.2 Effects of Steam / Diluent Partial Pressure 
 
The effects of steam partial pressure on the absorption efficiency were simulated for the 
system at 2 bar absolute with an inlet gas composition of 10% NO, 10% O2, 0 – 14% Ar and 
66 – 80% H2O, an inlet mass flux of 10 kg m-2 s-1 and inlet velocity at 8.5 m s-1. The 
predictions of the model obtained with an interfacial area multiplier of 3=iAθ  were 
compared against the experimental data as shown in Figure 6.11 and Figure 6.12. 
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Figure 6.11: Effects of steam partial pressure on nitric acid yield for absorption in a 1.4 
mm ID tube at 2 bar absolute with an inlet gas composition of 10% NO, 10% O2, 0 – 
14% Ar and 66 – 80% H2O, an inlet mass flux of 10 kg m-2 s-1 and 3=iAθ . Points show 
experimental results while lines show predictions of the annular shear model described 
in the text. 
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Figure 6.12: Effects of steam partial pressure on nitrous acid yield for absorption in a 
1.4 mm ID tube at 2 bar absolute with an inlet gas composition of 10% NO, 10% O2, 0 – 
14% Ar and 66 – 80% H2O, an inlet mass flux of 10 kg m-2 s-1 and 3=iAθ . Points show 
experimental results while lines show predictions of the annular shear model described 
in the text. 
 
 
The figures show relatively good agreement between the simulated and observed yields for 
nitric and nitrous acid. It can be seen that increasing the steam to NO ratio increases the nitric 
acid yield and decreases the nitrous acid yield. These trends result from a combination of 
enhanced gas phase reaction rates and increased residence times, since these results also 
demonstrate the effects of diluents on the product yields. A high steam to NO ratio is 
equivalent to a low fraction of diluent gases (excess O2 and/or Ar) present in the system. 
As condensation progresses in the absorber, the change in specific volume accompanying the 
physical reaction is larger for higher fractions of steam in the inlet gas. This leads to a larger 
increase in the partial pressures of the remaining non-condensable gases (NOx reactants and 
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O2) when condensation is complete. The gas phase reaction rates, and hence the nitric acid 
yields, are therefore higher than those obtained at low steam to NO ratios (or high fractions of 
diluent).  
   
Furthermore, following the condensation process, the depletion in gas mass flux as a result of 
the absorption process is more substantial at low diluent fractions. The resulting velocity of 
the gaseous mixture is therefore lower and the contact time for further reactions to occur 
between the remaining unreacted nitrous gases and the liquid film is increased. Significantly 
higher yields of nitric acid can therefore be obtained at high fractions of steam (or low 
fractions of inert gases or excess oxygen), as can be seen from Figure 6.11. In this case, the 
true or corrected residence time correctedresidencet , , based on the local gas velocities, should be 
used (Figure 6.13) instead of the nominal residence time nominalresidence,t which is based on the 
conditions at the inlet of the reactor (Figure 6.11 and Figure 6.12). The corrected residence 
time has been defined in Section 4.3 as: 
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Where 
 x∆ = integration step-size 
Gu = gas velocity 
TP = total system pressure 
Ga = gas flow area 
Gj
n = molar flow rate of gaseous species j 
GT  = gas temperature 
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Figure 6.13: Product yields and corrected residence times for absorption in a 1.4 mm ID 
tube at 2 bar absolute with an inlet gas composition of 10% NO, 10% O2, 0 – 14% Ar 
and 66 – 80% H2O, an inlet mass flux of 10 kg m-2 s-1 and 3=iAθ  at a distance x = 1.376 
m from the inlet. Points show experimental results while lines show predictions of the 
annular shear model described in the text. 
 
 
The decrease in nitrous acid yield at higher steam fractions is due to an enhancement of the 
nitrous acid disproportionation reaction. The increase in nitrous acid concentration as a result 
of the increased absorption rates promotes its disproportionation in solution, since the 
reaction rate is proportional to the fourth power of the HNO2 concentration.  
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6.4.3 Effects of System Pressure 
 
The effects of system pressure on the nitrous and nitric acid yield were simulated for the 
system with an inlet composition of 5% NO, 24% O2, 25% Ar and 46% H2O at a nominal 
residence time of 0.08s, calculated based on the inlet pressure and temperature (150°C). The 
inlet mass flux ranged between 4.3 – 22 kg m-2 s-1 and the inlet velocity was 2.8 m s-1. The 
results obtained with an interfacial area multiplier of iAθ = 1 were compared against 
experimental data, as shown in Figure 6.14.  
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Figure 6.14: Effects of system pressure on product yields for absorption in a 1.4 mm ID 
tube with an inlet gas composition of 5% NO, 24% O2, 25% Ar and 46% H2O, inlet 
mass fluxes ranging between 4.3 and 22 kg m-2 s-1 (nominal residence time of 0.08s) and 
1=iAθ . Points show experimental results while lines show predictions of the annular 
shear model described in the text. 
A comparison between the predictions of the model and the experimental data for the nitric 
acid yield shows an overprediction of the values at low pressures and an underprediction at 
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pressures greater than 3 bara. It must be noted that the same underestimation was observed in 
Figure 6.10 for short nominal residence times ( s 10.0<nominalresidence,t ) at the high pressure 
of 8 bar absolute under very similar conditions. The simulations in Figure 6.14 also indicate a 
maximum in the nitric acid yield at a system pressure of 5 bara; such a trend was not 
observed experimentally. 
 
In contrast to the predictions for the nitric acid yield, the model overestimates the nitrous acid 
yield at low pressures and underestimates its value at higher pressures. No maximum in the 
yield was predicted for the range of pressures studied, but a steady increase of the value with 
pressure was obtained instead.  
 
To understand this behaviour of decreasing absorption efficiency with increasing system 
pressure, sensitivity analyses were carried out on the following parameters for the system at 2 
bara and 5 bara: the gas and liquid mass transfer coefficients, the reaction rate constants for 
NO oxidation and nitrous acid decomposition, and the gas phase friction factor. The product 
yields were found to be sensitive only to the gas phase mass transfer coefficient Gβ  and the 
reaction rate constant for NO oxidation 
f
k ˆ1ˆ , the results of which are shown in  Figure 6.15.  
 
At a low system pressure of 2 bar absolute, the larger value of 84.0
ˆ1ˆ,3HNO
=
f
kS compared to 
that of 15.0,3HNO =GS β  at s 083.0, =nominalresidencet indicates that the reaction rate constant 
for NO oxidation has a larger impact on the nitric acid yield at that instance. At a higher 
system pressure of 5 bar absolute, the values of 
f
kS ˆ1ˆ,3HNO
 and GS β,3HNO  at 
s 083.0, =nominalresidencet are very similar, with values of 0.43 and 0.31 respectively, hence 
both 
f
k ˆ1ˆ and the gas phase mass transfer coefficient play an equally important role in the 
production of nitric acid towards the end of the absorber.   
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Figure 6.15: Effects of a 10% increase in Gβ  and fk ˆ1ˆ  on the acid concentrations jz  for absorption in a 1.4 mm ID tube at 2 and 5 bara 
with the inlet conditions; 5% NO, 24% O2, 25% Ar and 46% H2O, mass flux: 4.3 – 22 kg m-2 s-1 and 1=iAθ .
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Furthermore, the increase in GS β,3HNO  and decrease in 
f
kS ˆ1ˆ,3HNO
when the pressure is 
increased from 2 bara to 5 bara, indicate that with increasing pressures, the product yield 
becomes increasingly sensitive to Gβ  and less so towards fk ˆ1ˆ  at sufficiently long residence 
times. These results suggest that approximately between a system pressure of 2 bar and 5 bar, 
the reaction kinetics dominate the acid production rates near the outlet of the absorber, but 
these effects become less prominent as the process becomes increasingly mass transfer 
limited at higher pressures at long residence times. 
 
To demonstrate the changing relationship between reaction and transport limitations as 
pressure changes, the fraction of nitrous gas converted to N2O4 is shown in Figure 6.16. 
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Figure 6.16: Predicted fractional axial fluxes of gaseous N2O4 at different system 
pressures for absorption in a 1.4 mm ID tube with an inlet gas composition of 5% NO, 
24% O2, 25% Ar and 46% H2O, inlet mass fluxes ranging between 4.3 and 22 kg m-2 s-1 
(nominal residence time of 0.08s) and 1=iAθ . 
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Taking an example at s 04.0, =nominalresidencet , Figure 6.16 shows that an increase in system 
pressure first leads to an increase in the fraction of nitrous gas converted to N2O4, followed 
by a decrease in the ratio between 4 bara and 5 bara. The increase in N2O4 concentration 
from 2 bara to 4 bara  is a direct result of the dominance of reaction kinetics on the N2O4 
formation rate; an increase in system pressure increases the rate of NO oxidation and hence 
the production rate of N2O4. The decrease in N2O4 concentration with increasing pressures 
thereafter, is due to the larger influence of mass transfer coefficients on the absorption rates 
as described further below, and also possibly due to a decrease in gas phase reaction rates as a 
result of increased gas temperatures as shown in Figure 6.17. A decrease in gas temperature 
from 107°C (10 bara) to 25°C (2 bara) at s 04.0, =nominalresidencet  causes the equilibrium 
constant for N2O4 formation to increase by two orders of magnitude. 
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Figure 6.17: Predicted gas temperature profiles at different system pressures for 
absorption in a 1.4 mm ID tube with an inlet gas composition of 5% NO, 24% O2, 25% 
Ar and 46% H2O, inlet mass fluxes ranging between 4.3 and 22 kg m-2 s-1 (nominal 
residence time of 0.08s) and 1=iAθ . 
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At higher pressures, the product yields are expected to decrease with increasing pressures 
because the magnitude of the mass transfer coefficient is inversely proportional to the system 
pressure. Although the partial pressures of the gases do increase with pressure, such that the 
flux of absorbable nitrous species towards the interface remains relatively constant with 
pressure for a fixed mass flux, these experimental runs were conducted at a constant velocity. 
Hence, the total amount of nitrous gas entering the system increases with pressure, and for a 
given nominal residence time, the fractional conversion of N2O3 and N2O4 to acid must 
decrease as the inverse of the system pressure.  
 
Furthermore, at longer residence times ( s 08.0, =nominalresidencet  say), the fractional 
concentration of N2O4 increases with increasing pressures despite the fact that poorer 
reaction kinetics still result from the increased gas temperatures (Figure 6.17). This is also a 
confirmation that the system has become mass transfer limited, since the build-up of N2O4 in 
the bulk gas at higher pressures suggests that there is greater resistance to mass transfer from 
the main stream to the vapour-liquid interface. These results are therefore in agreement with 
the conclusions drawn from the sensitivity analysis, i.e. the product yield becomes 
increasingly sensitive to Gβ  with increasing pressures at sufficiently long residence times. 
 
It can also be seen from Figure 6.16 that the conversion fraction varies in a similar manner 
along the length of the absorber for all pressures, with the conversion rates at higher pressures 
lagging behind those at lower pressures. This delay in the extent of absorption leads to greater 
gas phase velocities at higher pressures for a given residence time, and even more so with the 
increase in gas temperatures at higher pressures (Figure 6.17), hence the true gas phase 
residence time available for reaction with the liquid decreases. These factors further 
accentuate the decline in performance at higher pressures.  
 
The steady increase in nitrous acid yield as predicted from the model is due to a decrease in 
the rate of disproportionation of aqueous nitrous acid. As shown in Section 5.5.2.4., the rate 
of the reaction is inversely proportional to the square root of the partial pressure of gaseous 
NO.  Hence, the increase in total system pressure increases the partial pressure of NO, which 
in turn reduces the decomposition rate of aqueous HNO2 and causes its build-up in solution. 
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The discrepancy between the model and the experiments presumably arises because there is 
incorrect balance between gas phase reaction kinetics and gas phase heat and mass transfer, 
with the gas phase mass transfer becoming limiting at too low a pressure. This is probably 
because the overall change in mass transfer flux at higher pressures has not been fully 
captured by the model, in view of the fact that there is little uncertainty in the extensively 
studied gas phase kinetics. Application of the interfacial area multiplier iAθ  introduced in 
Section 6.3.2 is a generic way of capturing this effect of the mass transfer coefficient in 
addition to the influence of other contributing factors such as parameter uncertainties, the 
presence of interfacial waves and the possibility of a flow regime transition from annular to 
intermittent flow.  
 
Additional simulation runs have been conducted at higher values of iAθ for the system under 
conditions identical to those of Figure 6.14. The results are shown in Figure 6.18 for 
iAθ ranging between 1 and 3 for the system pressure of 5 bar absolute.  
 
It can be seen that an increase in the value of iAθ from unity to a value of 2=iAθ has 
markedly improved the predictions of the model on the nitric acid yield as expected. A 
further increase in the value of the interfacial area multiplier results in a relatively smaller 
increase in yield because the effects of reaction kinetics now start to become significant. An 
increase in iAθ for other higher pressures should also decrease the deficiency gap between 
simulated and observed values at higher pressures. The multiplier has little impact on the 
nitrous acid yield because an increase in the nitrous acid concentration due to the enhanced 
absorption rates will immediately act to increase its rate of disproportionation in solution.  
 
This large influence of gas phase mass transfer at high pressures is in complete contrast to the 
behaviour of conventional nitric acid plants, where the absorption rate is typically governed 
by the kinetics of NO oxidation (Chilton 1968; Hupen et al. 2005). The reaction kinetics of 
this system have therefore been substantially improved such that absorption can still be 
carried out effectively at pressures much lower than that used in industry. 
 
 169 
 
System Pressure (bara)
0 2 4 6 8 10 12
Pr
od
uc
t Y
ie
ld
 (%
)
0
10
20
30
40
50
60
HNO3/NO3
-
HNO2/NO2
-
 
 
Figure 6.18: Effects of interfacial area multiplier on the predictions of the model at 5 
bara for absorption in a 1.4 mm ID tube with an inlet gas composition of 5% NO, 24% 
O2, 25% Ar and 46% H2O and inlet mass fluxes ranging between 4.3 and 22 kg m-2 s-1 
(nominal residence time of 0.08s). Lines show experimental results while points show 
predictions of the annular shear model described in the text for 1=iAθ  ( ), 2=iAθ  
( ) and 3=iAθ  ( ). 
 
6.4.4 Effects of Nitric Oxide Partial Pressure 
 
Simulations were performed for the system with conditions similar to those of Figure 6.14, 
except at a higher fraction of NO (10%) and lower fraction of diluent (20% Ar). With an 
identical nominal residence time of 0.08 s, only two points were studied; at the system 
pressure of 4 and 8 bar absolute. The proportions of O2 and steam in the inlet gas remained at 
24% and 46% respectively. The inlet mass fluxes were 9 kg m-2 s-1 at 4 bar absolute and 17 
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kg m-2 s-1 at 8 bar absolute, and an interfacial area multiplier of 1=iAθ  was again applied to 
both cases. The results for nitric and nitrous acid are shown in Figure 6.19 and Figure 6.20 
respectively. 
System Pressure (bara)
0 2 4 6 8 10 12
H
N
O
3/
N
O
3-
 Y
ie
ld
 (%
)
0
20
40
60
80
5% NO
10% NO
 
 
Figure 6.19: Effects of nitric oxide partial pressure on nitric acid yield for absorption in 
a 1.4 mm ID tube with an inlet gas composition of 5 – 10% NO, 24% O2, 20 – 25% Ar 
and 46% H2O, inlet mass fluxes ranging between 4.3 and 22 kg m-2 s-1 (nominal 
residence time of 0.08s) and 1=iAθ . Points show experimental results while point-and-
lines ( ) show predictions of the annular shear model described in the text. 
 
 
At a system pressure of 4 bara, both the simulated and experimental values show an increase 
in nitric acid yield due to an increase in NO partial pressure. The same trend can be observed 
experimentally at the higher pressure of 8 bar absolute, but the model predicts very little 
change in yield when the concentration of NO is increased at this pressure. These results are 
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consistent with the conclusion drawn from Section 6.4.3 that the model underpredicts the 
pressure at which gas phase mass transfer becomes limiting.  
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Figure 6.20: Effects of nitric oxide partial pressure on nitrous acid yield for absorption 
in a 1.4 mm ID tube with an inlet gas composition of 5 – 10% NO, 24% O2, 20 – 25% Ar 
and 46% H2O, inlet mass fluxes ranging between 4.3 and 22 kg m-2 s-1 (nominal 
residence time of 0.08s) and 1=iAθ . Points show experimental results while point-and-
lines ( ) show predictions of the annular shear model described in the text. 
 
 
The increase in nitric acid yield with increasing NO partial pressures as observed from the 
experiments suggests a larger influence of the gas phase reaction kinetics on the absorption 
process. The fraction of NO oxidised in a given time will be greater at higher concentrations 
of NO since the kinetics are second-order in 
bulkG
CNO . The higher fractions of nitrous gases 
produced will then undergo a higher rate of mass transfer, which accounts for the higher 
experimental values.  
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The results from both the model and experiments show a decrease in the nitrous acid yield 
with increasing NO partial pressures. This is because the rate of nitrous gas production, and 
hence the concentration of nitrous acid in solution, increases with increasing amounts of NO. 
A relatively higher disproportionation rate of aqueous HNO2 is therefore achieved at higher 
NO partial pressures, since the rate of reaction is fourth order with respect to the 
concentration of the undissociated HNO2 molecule. Furthermore, the concentration of HNO2 
produced in the system at the increased NO partial pressure (10% NO) is higher than that 
produced at 5% NO because the former setup employs a lower H2O to NO ratio. The nitrous 
acid yield therefore decreases with increasing NO partial pressures, as shown from the 
simulated and experimental results in Figure 6.20. 
 
6.4.5 Effects of Gas Velocity 
 
An interfacial area multiplier of 1=iAθ was used in the simulations of the velocity studies 
which were carried out at 8 bar absolute with an inlet gas composition of 5% NO, 49% O2 
and 46% H2O and inlet mass fluxes of 17 kg m-2 s-1 and 23 kg m-2 s-1. The comparison 
between predicted and experimental product yields is shown in Figure 6.21. 
 
The model confirms that a variation in inlet gas velocity within these ranges have very little 
impact, if any, on the absorption efficiency of the system. Perhaps the variation in velocity is 
not large enough for a difference to be observed. Additional experiments using velocities of 
significantly different magnitudes are required to determine if this is true. 
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Figure 6.21: Effects of inlet gas velocity on the product yields for absorption in a 1.4 mm 
ID tube at 8 bara with an inlet gas composition of 5% NO, 49% O2 and 46% H2O, inlet 
mass fluxes of 17 kg m-2 s-1 and 23 kg m-2 s-1, and 1=iAθ . Points show experimental 
results while lines show predictions for yields of nitric acid (   ) and nitrous acid 
(   ). 
 
 
6.4.6 Effects of Reactor Diameter 
 
Internal tube diameters of 1.4 mm and 3.9 mm were used in the model to obtain predictions 
of the nitrous and nitric acid yields for the system at 8 bar absolute, with an inlet composition 
of 5% NO, 49% O2 and 46% H2O and inlet mass fluxes ranging between 1.5 and 23 kg m-2 s-
1. The results obtained with 1=iAθ  were compared against experimental data, as shown in 
Figure 6.22.  
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Figure 6.22: Effects of reactor diameter on nitrous and nitric acid yield for absorption 
at 8 bar absolute with an inlet gas composition of 5% NO, 49% O2 and 46% H2O, inlet 
mass fluxes ranging between 1.5 and 23 kg m-2 s-1 and 1=iAθ . Points show experimental 
results while lines show predictions for yields of nitric acid (   ) and nitrous acid 
(   ). 
 
 
It can be seen that increasing the tube diameter decreases the nitric acid yield and increases 
the nitrous acid yield for a given nominal residence time. The reasons for this are very similar 
to those in Section 6.4.3 for the effects of system pressure on the nitric acid yield. For a 
constant Nusselt and Sherwood number for laminar gas flows, increasing the tube diameter 
decreases the coefficients for heat and mass transfer from the bulk gas to the vapour-liquid 
interface, and the nitric acid yield should therefore be expected to decrease.  
 
The decrease in heat transfer coefficient leads to higher gas temperatures in the larger tube, as 
can be seen from Figure 6.23. In fact, the rise in gas temperature during condensation in the 
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larger tube suggests that the transfer of heat away from bulk gas is not sufficient to overcome 
the heat release due to the exothermic gas phase reactions. The rate of NO oxidation in the 
larger tube is therefore less than that in the smaller tube, leading to decreased nitrous gas 
formation and absorption rates for a given residence time. 
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Figure 6.23: Predicted gas temperature profiles for absorption in different tube 
diameters at 8 bar absolute with an inlet gas composition of 5% NO, 49% O2 and 46% 
H2O, inlet mass fluxes ranging between 1.5 and 23 kg m-2 s-1 and 1=iAθ . 
 
 
Moreover, the lag in the extent of absorption observed in Figure 6.24 for the larger tube 
results in higher gas phase velocities, and hence shorter residence times are available for 
reaction between the gas and liquid. This further contributes to the decline in absorption 
efficiency of the larger tube. The increase in nitrous acid yield with increasing tube diameter 
for a given residence time is due to the decrease in nitrous acid disproportionation rates; the 
poor absorption rates in the larger tube lead to higher concentrations of unconverted NO in 
the gas phase and lower concentrations of nitrous acid in the liquid phase. Since the rate of 
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nitrous acid disproportionation varies as 2
NO
1
P
 and 4
undissoc.2HNO L
C , the amount of nitrous 
acid converted to nitric acid decreases, and higher fractions of nitrous acid remain in solution 
for the larger tube. 
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Figure 6.24: Predicted fractional axial fluxes of gaseous N2O4 for absorption in different 
tube diameters at 8 bar absolute with an inlet gas composition of 5% NO, 49% O2 and 
46% H2O, inlet mass fluxes ranging between 1.5 and 23 kg m-2 s-1 and 1=iAθ . 
 
 
It can be seen from Figure 6.22 that the model failed to reproduce the experimental results 
obtained from the larger tube at long nominal residence times, overestimating the nitric acid 
yield by a factor of 1.5, and underestimating the nitrous acid yield by an average factor of 0.3 
for the nominal residence times 0.66 – 0.95 s. However, the model managed to capture the 
general trend of decreasing nitric acid yield and increasing nitrous acid yield with increasing 
reactor diameter at a given nominal residence time.  
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The large discrepancy between the simulated and observed values for the larger tube could be 
due to stratification of the flow, in which the contact area available for heat and mass 
exchange between gas and liquid becomes less than that for annular flow. To determine the 
flow regime in the 3.9 mm ID tube, the superficial velocities of the gas sGu ,   and liquid sLu ,  
were plotted against the flow pattern map of  Taitel and Dukler (1976) and Mandhane et al. 
(1974) as shown in Figure 6.25.  
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Figure 6.25: Superficial gas and liquid velocities in a 3.9 mm ID tube plotted against the 
flow pattern map of Taitel and Dukler (1976) and Mandhane et al. (1974) constructed 
for horizontal water-air flow in a 25 mm ID pipe at 25°C and 1 atm. Arrow indicates 
progression of velocities from the absorber inlet. 
 
 
Although the liquid velocities employed in this work were much smaller than that covered by 
the map, it can be inferred that stratified flow indeed persisted throughout the length of the 
larger tube. The assumption of annular flow in the model therefore results in an 
overestimation of the interfacial area, and hence of the absorption efficiency of the system, 
for tubeD = 3.9 mm. 
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The superficial gas and liquid velocities in the 1.4 mm ID tube were excluded from Figure 
6.25 because the flow regime transitions in microchannels are different from those observed 
in larger diameter tubes. This is due to significant differences in the relative magnitudes of 
gravity, shear and surface tension forces between the two dimensions. A more suitable flow 
pattern map would be that of Triplett et al. (1999) which accommodates horizontal air-water 
flow in 1.45 mm ID circular channels. However, as with earlier experimental investigations 
(Fukano et al. 1993; Kawahara et al. 2002), stratified flow was not observed in any of their 
test conditions. It was concluded in those studies that gas-liquid stratified flow does not occur 
in channels with diameters smaller than about 1 mm. This further strengthens the justification 
that the inaccuracy of the present model in predicting the yields of the larger tube is due to 
the presence of stratified flow. 
 
6.4.7 Effects of Oxygen Partial Pressure 
 
The effects of oxygen partial pressure on the product yield were simulated with the following 
conditions; inlet gas composition: 10% NO, 10 – 24% O2, 0 – 14% Ar and 66% H2O, inlet 
pressure: 2 bar absolute, total mass flux: 10 kg m-2 s-1 and inlet velocity: 8.5 m s-1. A 
multiplier of 3=iAθ  was applied to the interfacial area in the simulations. 
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Figure 6.26: Effects of oxygen partial pressure on product yields for absorption in a 1.4 
mm ID tube at 2 bar absolute with an inlet gas composition of 10% NO, 10 – 24% O2, 0 
– 14% Ar and 66% H2O, an inlet mass flux of 10 kg m-2 s-1 and 3=iAθ . Points show 
experimental results while lines show predictions for yields of nitric acid (   ) and 
nitrous acid (   ). 
 
 
It was discussed in Section 4.9 that the improvement in nitric acid production shown in 
Figure 6.26 as a result of the increase in oxygen to NO ratio is more likely due to an increase 
in the rate of NO oxidation as opposed to an increase in the true residence time of the 
reactants in the absorber. A plot of the model predictions against the corrected residence time 
correctedresidence,t shows that this is true: 
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Figure 6.27: Product yields plotted against the corrected residence time for absorption 
in a 1.4 mm ID tube at 2 bar absolute with an inlet gas composition of 10% NO, 10 – 
24% O2, 0 – 14% Ar and 66% H2O, an inlet mass flux of 10 kg m-2 s-1 and 3=iAθ . 
Results are shown for yields of nitric acid (   ) and nitrous acid (   ). 
 
 
A comparison of Figure 6.26 with Figure 6.27 shows that although the corrected residence 
times are significantly greater than the nominal residence times, the relative axial changes of 
the product yields remain very much the same. This verifies that the amounts of non-
condensables in both systems are rather similar such that the contact time for reactions to 
occur between the gas and liquid stays roughly the same. Even after the residence times have 
been corrected for, the nitric acid yield for O2/NO = 2.4 is still higher than that for O2/NO = 
1 because the oxidation reaction of NO has been accelerated. Since the rate of reaction is first 
order with respect to O2, an increase in oxygen partial pressure promotes the gas phase 
reaction, and the absorption rates are subsequently increased. 
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Furthermore, the subsequent decrease in NO partial pressure due to the oxidation reaction 
leads to an increase in the disproportionation rate of HNO2 in accordance with its rate 
equation. The concentration of HNO2 in solution therefore decreases with increasing 
fractions of O2. The model predicts the behaviour to a relatively high accuracy, except at 
higher oxygen pressures and short nominal residence times, with the nitric acid yield being 
overpredicted by a factor of 1.3 at a nominal residence time of 0.05 s. This could possibly be 
due to an inadequacy of the model in accurately predicting the mass transfer flux at high 
oxygen partial pressures for these short residence times. 
 
6.4.8 Cooling water 
6.4.8.1 Water flow rate 
 
The absorption efficiency of the system at 8 bar absolute was simulated with 2=iAθ  for two 
cooling water flow rates of 0.3 L min-1 and 1.5 L min-1. The inlet gas had a composition of 
10% NO, 24% O2, 20% Ar and 46% H2O, with a mass flux of 30 kg m-2 s-1and a velocity of 
8.0 m s-1. The results are shown in Figure 6.28. 
 
The predictions of the model agree quite well with the experimental values, except at short 
nominal residence times, where the model underpredicts the nitric acid yield and overpredicts 
the nitrous acid yield. This may be due to an incorrect choice of the interfacial area 
multiplier. It has been shown in Section 6.4.1 that the model significantly underpredicts the 
nitric acid yield at short residence times and a high pressure of 8 bar absolute despite its good 
agreement with experimental data at s 10.0>nominalresidence,t . Based on the results of Figure 
6.7, an increase in iAθ would increase the nitric acid yield and decrease the nitrous acid yield. 
Further absorption tests must therefore be carried out at s 10.0<nominalresidence,t to ensure that 
the correct iAθ value is chosen for this system. 
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Figure 6.28: Effects of cooling water flow rate on nitric and nitrous acid yields for 
absorption in a 1.4 mm ID tube at 8 bar absolute with an inlet gas composition of 10% 
NO, 24% O2, 20% Ar and 46% H2O, an inlet mass flux of 30 kg m-2 s-1, coolant flow 
rates of 0.3 L min-1 and 1.5 L min-1, and 2=iAθ . Points show experimental results while 
lines show predictions for yields of nitric acid (   ) and nitrous acid (   ). 
 
 
It is also at these short residence times that the largest change in nitrous acid yield is 
produced from an increase in cooling water flow rate, as can be seen from Figure 6.28. This 
is because close to the inlet of the absorber, the thin liquid film on the inner walls of the tube 
provides the least resistance to heat transfer from the gas to the coolant. A slight increase in 
coolant flow rate therefore results in a relatively large drop in gas temperature, and this 
subsequently leads to improved gas phase reaction rates and absorption efficiency. 
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6.4.8.2 Water temperature 
 
With an interfacial area multiplier of 3=iAθ , simulations were performed at 2 bar absolute 
and a nominal residence time of 0.03s for various coolant temperatures (23 – 51°C). The inlet 
mass flux was 9.2 kg m-2 s-1 and the gas was composed of 10% NO, 8% O2 and 82% H2O. A 
comparison of the predicted and experimental product yields is shown in Figure 6.29. 
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Figure 6.29: Effects of cooling water temperature on product yields for absorption in a 
1.4 mm ID tube at 2 bar absolute with an inlet gas composition of 10% NO, 8% O2 and 
82% H2O, an inlet mass flux of 9.2 kg m-2 s-1 (nominal residence time of 0.03s) and 
3=iAθ . Points show experimental results while lines show predictions of the annular 
shear model described in the text. 
 
 
Figure 6.29 shows relatively good agreement between the calculated and observed values for 
the nitric and nitrous acid yields. Increasing the temperature of the cooling water decreases 
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the overall driving force for heat transfer between the gas and coolant. As a result, the gas 
temperature increases, thereby retarding the gas phase reactions and producing poorer nitric 
acid yield, as shown in the figure above.  
 
In contrast, the rate constant for the disporportionation of HNO2 in the liquid phase is 
favoured by high temperatures. Hence, the increased temperature of the liquid film 
accelerates the decomposition reaction and reduces the concentration of HNO2 in solution.  
 
The simulated pressure drop across the length of the absorber was also compared against 
experimental data as shown in Figure 6.30. 
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Figure 6.30: Pressure drop and outlet gas temperature for absorption in a 1.4 mm ID 
tube at 2 bar absolute with an inlet gas composition of 10% NO, 8% O2 and 82% H2O, 
inlet mass flux of 9.2 kg m-2 s-1 (nominal residence time of 0.03s) and 3=iAθ . Points 
show experimental results while lines show predictions of the annular shear model 
described in the text. 
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It can be seen that large discrepancies exist between the two sets of pressure drops at low 
coolant temperatures, and this can be attributed to the substantial underprediction of gas 
temperatures as shown on the same figure. The faster-moving vapour core at the higher 
experimental gas temperatures exerts a greater shear force on the annular liquid film, hence a 
larger pressure drop is produced across the absorber. 
 
6.5 Choice of Values for the Interfacial Area Multiplier 
 
Although values for the model fitted parameter iAθ were chosen primarily through trial-and-
error, a larger value was generally required when the system contained higher fractions of 
NO and steam (or low fractions of diluent). This is as expected, because with decreasing 
amounts of diluent, slug or bubbly flow is more likely to develop towards the end of the 
condensation and absorption process. The interfacial area between the gas slugs (or bubbles) 
and liquid would therefore be larger than that obtained if annular flow was assumed to occur 
under the same conditions.  
 
Figure 6.26 shows that at shorter nominal residence times ( s 07.0<nominalresidence,t ), higher 
oxygen partial pressures require lower values of iAθ despite the presence of similar quantities 
of non-condensables (excess O2 and Ar) in the system. This could possibly be due to an 
incorrect representation of the mass transfer flux at high oxygen partial pressures for these 
short residence times among other things such as the presence of parameter uncertainties.   
 
Based on the discussions in Sections 6.4.3 and 6.4.4, a higher value of iAθ is required for 
higher system pressures at short nominal residence times ( s 10.0<nominalresidence,t ), and also 
across variable NO partial pressures at high system pressures and short nominal residence 
times. This is because the model fails to capture the overall change in heat and mass transfer 
flux at higher pressures, thereby underpredicting the pressure at which gas phase mass 
transfer becomes limiting.  
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On the other hand, a value of 1<iAθ  appears to be better suited to larger channels due to the 
possibility of flow stratification which acts to decrease the interfacial area and hence the 
nitric acid yield.  
 
The values of the interfacial area multiplier required to give good fit to the observed data are 
summarised in Table 6.2 along with the experimental conditions: 
 
Table 6.2: Proposed interfacial area multiplier values for model correction. 
Pressure (bara) ID (mm) %NO H2O/NO O2/NO correctedresidence,t (s) iAθ  
2 1.4 10 8.2 0.8 > 0.03 3 
2 1.4 10 6.6 – 8.0 1 > 0.05 3 
2 1.4 10 6.6 2.4 > 0.10 3 
2 1.4 10 6.6 2.4 < 0.10 < 3 
< 4 1.4 5 9.2 4.8 < 0.10 < 1 
≥ 4 1.4 5 9.2 4.8 < 0.10 > 1 
≥ 4 1.4 10 4.6 2.4 < 0.10 > 1 
8 1.4 5 9.2 9.8 < 0.10 > 1 
8 1.4 10 4.6 2.4 > 0.07 > 2 
8 3.9 5 9.2 9.8 > 0.10 > 1 
 
6.6 Conclusion 
 
The model developed to simulate the simultaneous condensation of steam and the absorption 
of nitrogen oxides in microchannels was tested and validated against experimental data 
obtained from this work and from literature. An interfacial area multiplier was introduced as 
a parameter to optimise the fit of the model to the data. Overall, the general trends of the data 
are well captured by a model based on a core-annular shear-driven flow with a smooth gas-
liquid interface. However, the use of a constant fitted parameter value in predicting the 
system behaviour across variable system pressures, oxygen partial pressures, NO partial 
pressures and tube diameters produced large discrepancies, presumably due to a deficiency in 
predicting the overall change in heat and mass transfer flux at high pressures and also due to 
a break down in the annular flow condition.  
 
Hence, visualisation of the flow pattern and additional experimentations at much shorter 
residence times ( s 10.0<nominalresidence,t ) and across higher pressures are required to gain a 
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better understanding of the system and to justify the use of these interfacial area multipliers. 
Nonetheless, the present model provides a good starting basis for the qualitative prediction of 
product concentration profiles under various operating conditions. 
 
It has been shown that absorption efficiencies of up to 99% can be achieved in this 
microchannel system without the use of counter-current flow typically employed in 
conventional nitric acid plants. In addition, the rates of gas phase reactions have been 
significantly improved such that the usual industrial practice of applying high system 
pressures to enhance the oxidation reaction of NO is no longer necessary. Further 
intensification of the absorption process can be achieved by replacing the large volumes of air 
commonly used with lower fractions of high purity oxygen and high steam to NO ratios.  
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7 Design of Absorbers for Nitric Acid Production 
 
In this chapter, the operating conditions optimal for the absorption of nitrous gases in 
microchannels are determined based on the predictions of the model presented in Chapter 5. 
Among the parameters studied include the system pressure, channel diameter and coolant 
temperature.  
 
7.1 Plant Design 
 
In nitric acid plants, the purpose of the absorption train is to produce, from a feed mixture of 
specific composition, nitric acid of the desired concentration with minimum stack losses and 
at minimal cost. A complete design of the absorption system requires an intricate set of 
calculations involving the kinetics and equilibria of chemical reactions, in addition to the 
mass and heat transfer rates. These calculations can lead to improved plant performance by 
optimising the reaction paths that are most efficient. The process design of NOx absorbers 
found in literature has mostly been discussed in terms of plate columns (Emig et al. 1979; 
Holma et al. 1979; Counce et al. 1980; Inoue 1988; Wiegand et al. 1990), packed columns 
(Lee et al. 1989; Suchak et al. 1994; Yu et al. 2005) or spray columns (Jethani et al. 1992). 
So far, the production of nitric acid in microchannels has yet to be designed for as it still 
remains a relatively novel idea. The process considered here is the absorption of nitrous gases 
in a single stage process, in co-flow. 
 
7.2 Simulation of a Heat Exchanger Channel 
 
In Chapter 6, the results obtained from the present model were shown to be in good 
agreement with the experimental observations. It is therefore desirable to predict the 
absorption efficiency of a highly compact heat exchanger such as a Printed Circuit Heat 
Exchanger (PCHE) used on a larger scale. The proposed design and operating parameters of 
the absorber are summarised in Table 7.1. 
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Table 7.1: Proposed design and operating conditions for a laboratory scale plant. 
Parameter Value 
Number of plates 8 
Number of channels per plate 2 
Channel diameter 2 mm 
Channel length 850 mm 
System pressure 1.85 bara 
Inlet mass flow rate 1.462 kg s−1 
Inlet composition 10.1% NO, 9% O2, 1.5% Ar, 0.3% N2, balance H2O 
Inlet temperature 148°C 
Coolant temperature 30°C 
Coolant heat transfer coefficient 5000 W m−2 K−1 
 
 
The inlet mass flux and velocity for one microchannel within the heat exchanger would 
therefore be given as 5.8 kg m−2 s−1 and 5.2 m s−1 respectively. These conditions have been 
formulated based on the findings of the experiments in Chapter 4 and predictions of the 
model (Chapter 6) that absorbing nitrous gases in an environment of high steam fractions and 
close-to-stoichimetric concentrations of oxygen can lead to high absorption efficiencies. Low 
pressures are desirable to eliminate the need for expensive compressors which also tend to 
suffer mechanical breakdowns.  
 
It must be noted these operating conditions are very similar to those of Figure 6.29 in Section 
6.4.8.2, the experimental results of which were quite accurately simulated with an interfacial 
area multiplier of 3=iAθ . Hence, the same value of the model fitted parameter was used in 
these design calculations. The design parameters that were varied in the simulations include 
the system pressure, channel diameter and coolant temperature.  
  
7.3 System Pressure 
 
The conditions of Table 7.1 were simulated with the total system pressures varying between 
1.5 – 2 bara for an inlet mass flux of 5.8 kg m−2 s−1. The results are shown in Figure 7.1 and 
Figure 7.2. It can be seen from the two figures that increasing the total system pressure 
increases the nitric acid yield and decreases the nitrous acid yield for a given absorber length. 
This is because for a given inlet mass flux, increasing the system pressure decreases the flow 
velocity and increases the contact time for reactions to occur between the gas and liquid.  
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Figure 7.1: Effects of system pressure on nitric acid yield for absorption in a 2 mm ID 
channel with an inlet gas composition of 10.1% NO, 9% O2, 1.5% Ar, 0.3% N2, balance 
H2O, and an inlet mass flux of 5.8 kg m−2 s−1. Predictions of the model described in the 
text are shown for nitric acid yield (   ) and nominal residence times (   ). 
 
 
Furthermore, for a given residence time, for example 0.10 s in Figure 7.1, the nitric acid yield 
increases with increasing total pressure TP because the rate of NO oxidation varies as 
3
TP and 
the production of nitrous gases therefore increases. 
 
Both the increase in true residence time and gas phase reaction rates also explain the higher 
production rate of nitrous acid at higher pressures near the inlet of the absorber as shown in 
Figure 7.2. However, at a distance further downstream, the nitrous acid yield for the low 
pressure system starts to exceed those at higher pressures. This is because at lower total 
pressures, the poorer absorption efficiency of the system leaves a higher fraction of unreacted 
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NO in the gas phase. As a result, the production rate of nitrous acid in solution is increased 
while its rate of disproportionation reaction varies as 2
NO
1
P
.  
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Figure 7.2: Effects of system pressure on nitrous acid yield for absorption in a 2 mm ID 
channel with an inlet gas composition of 10.1% NO, 9% O2, 1.5% Ar, 0.3% N2, balance 
H2O, and an inlet mass flux of 5.8 kg m−2 s−1. Predictions of the model described in the 
text are shown for nitrous acid yield (   ) and nominal residence times (   ). 
 
 
The acid solutions leaving the absorber are of dilute concentrations (30 – 31 wt% HNO3) 
because of the high fractions of water used in the system. This is in contrast to the higher 
concentrations of 57% − 61% HNO3 typically produced in conventional nitric acid plants 
with medium or high-pressure absorption units. Nonetheless, these industrial-strength acids 
can still be obtained through distillation of the weak acid solution to the azeotropic 
composition (68.4% HNO3). This would inherently be a more compact process compared to 
the extension of the kinetically limited nitrous gas absorption. Furthermore, if the acid is used 
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to make ammonium nitrate as it mostly is, then concentration of the solution could be 
achieved by evaporation, which is yet again simpler and more compact 
 
The concentration of nitrous acid in the final product is predicted to range between 0.5 wt% 
HNO2 for the system at 1.5 bara and 0.25 wt% HNO2 for the system at 2 bara. In the 
manufacture of ammonium nitrate solution from the nitric acid product, due care must be 
taken to ensure that the concentration of nitrous acid at the outlet of the absorber is within 
safe acceptable limits, as high fractions of the component could result in the formation of 
unstable ammonium nitrite in the ammonium nitrate reactor.  
 
As the principal effluent from a nitric acid plant is the tail gas from the absorber, it is of 
interest to determine the composition of the vapour stream at the outlet of the absorber.  
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Figure 7.3: Effects of system pressure on outlet gas composition (x = 0.85 m) for 
absorption in a 2 mm ID channel with an inlet gas composition of 10.1% NO, 9% O2, 
1.5% Ar, 0.3% N2, balance H2O, and an inlet mass flux of 5.8 kg m−2 s−1.  
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Due to the increase in absorption efficiency with increasing pressures, the concentration of 
nitrous gases leaving the absorber is therefore lower at higher pressures. The gas stream at the 
outlet is mainly composed of excess oxygen, inert argon and NOx species, the bulk of which 
consists of NO. At 1.5 bara, 4.5% of the initial NO concentration still remains in the form 
unconverted NO at the absorber outlet. Increasing the system pressure by 0.5 bar brings this 
value down to 1.3%.  
 
It can be seen from Figure 7.3 that the concentrations of NOx gases emitted from this system 
are much higher (37000 to 110000 ppm) than the usual industrial levels of 1000 to 2000 ppm. 
However, as the process utilises only a slight excess of oxygen, the flow rate of NOx exiting 
the absorber at 1 atm for the base case (absorption conducted at 1.85 bara) is 2.5 m3 t−1 100% 
HNO3, which is approximately half of that typically emitted by conventional nitric acid 
plants ( 5.5 m3 t−1 100% HNO3). The calculations for both systems are presented in 
Appendix E.  
 
The high concentration of the nitrous gases does however have the advantage of improving 
the efficiency of tail-gas treatments following the absorption process.  
 
Another important aspect in the design of absorbers is the heat effects associated with the gas 
and liquid phase reactions. The total rate of heat release is shown in Figure 7.4. 
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Figure 7.4: Effects of system pressure on heats of reactions (x = 0.85 m) for absorption 
in a 2 mm ID channel with an inlet gas composition of 10.1% NO, 9% O2, 1.5% Ar, 
0.3% N2, balance H2O, and an inlet mass flux of 5.8 kg m−2 s−1. Predictions of the model 
described in the text are shown for heats of reactions (   ) and heat of condensation 
(   ). 
 
 
Near the inlet of the absorber, most of the liberated heat stems from the latent heat released 
during condensation, after which the heats of chemical reaction start to dominate. At the 
onset of condensation, the rapid decrease in specific volume of steam causes a sharp increase 
in the partial pressures of NO and O2 which leads to improved nitrous gas production rates. 
The exothermic gas phase reactions therefore produce a sudden discharge of heat near the 
inlet of the channel, as can be seen from Figure 7.4. Furthermore, the suction effect produced 
from the condensation of steam also increases the mass transfer rate of nitrous gases to the 
vapour-liquid interface, thereby increasing the absorption rate of N2O3 and N2O4 into 
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solution. The exothermic hydrolysis of the aqueous species further contributes to the heat 
release.  
 
As condensation reaches completion, the driving force for mass transfer decreases and so 
does the amount of heat released in a given time as acid production slows down. In addition, 
as absorption proceeds, the formation rate of NO2, N2O3 and N2O4 in the gas phase 
decreases as the NO partial pressure is progressively reduced. A gradual decrease in the rate 
of heat release can therefore be observed as absorption reaches completion towards the end of 
the reactor. The general trends in the heats of reaction are similar to those found in Figure 7.2 
for the nitrous acid yield, and exist much for the same reasons.  
 
Finally, one of the major contributors to the operating costs of a plant is the power 
consumption required to overcome the system pressure drop. Figure 7.5 shows the pressure 
drop across the length of the channel for this system. 
 
An increase in system pressure decreases the pressure drop across the channel length because 
the slower-moving vapour core exerts a smaller shear force on the annular liquid film. In all 
three cases, the total pressure drop caused by the laminar flows can be considered negligible. 
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Figure 7.5: Effects of system pressure on pressure drop across the reactor length for 
absorption in a 2 mm ID channel with an inlet gas composition of 10.1% NO, 9% O2, 
1.5% Ar, 0.3% N2, balance H2O, and an inlet mass flux of 5.8 kg m−2 s−1. Predictions of 
the model described in the text are shown for pressure drop (   ) and nominal 
residence times (   ). 
 
 
7.4 Channel Diameter 
 
The diameter of the channel in which heat and mass transfer occurs is also an important 
parameter in the design of absorbers. The channel diameters were varied between 2 – 5 mm 
in the simulations, with the inlet mass fluxes ranging between 0.93 kg m−2 s−1 and 5.8 kg m−2 
s−1.  
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Figure 7.6: Effects of channel diameter on  nitric acid yield for absorption at 1.85 bar 
absolute with an inlet gas composition of 10.1% NO, 9% O2, 1.5% Ar, 0.3% N2, balance 
H2O, and an inlet mass flux of 5.8 kg m−2 s−1. Predictions of the model described in the 
text are shown for nitric acid yield (   ) and nominal residence times (   ). 
 
 
For a given inlet mass flow rate and absorber length, increasing the channel diameter 
decreases the gas mass flux and hence the flow velocity. The contact time available for 
reactions to occur between the gas and liquid therefore increases, and the nitric acid yield is 
improved. Although it was shown in Section 6.4.6 that increasing the channel diameter 
decreases the heat and mass transfer coefficients, the increase in true residence time in this 
case more than compensates for the decrease in nitrous gas formation rates (due to increased 
temperatures), and the reduction in transport rates of the absorbing gases from the bulk gas to 
the phase boundary. The effects of increasing channel diameter on the nitrous acid yield are 
identical to those observed in Figure 7.2 when the system pressure is decreased, hence the 
explanation of the trends similarly apply.  
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These results show the importance of reaction kinetics at the tail end of the absorption 
process. As the concentration of NO falls with absorption, the absorption process becomes 
limited by reaction kinetics, as was shown previously in the sensitivity analysis in Section 
6.4.3. The results showed that at these low pressures (≤ 2 bara), the production of nitric acid 
is more sensitive to the reaction rate constant for NO oxidation at long residence times. This 
suggests that the transfer of the two-phase product from the absorber to a subsequent 
separator is likely to provide sufficient residence time for further NO oxidation and acid 
formation to occur despite the poor mass transfer in the large vessel. This was also observed 
experimentally, although the results are not presented in this thesis. This effect is therefore 
reflected in the results above for the larger tube where the influence of residence time 
dominates over the heat and mass transfer effects towards the end of the absorber.  
 
It can be seen from Figure 7.7 that an increase in channel diameter decreases the NOx 
emissions. The total amount of NO released at the outlet of the 5 mm ID channel forms 
0.19% of the initial NO concentration. 
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Figure 7.7: Effects of channel diameter on outlet gas composition (x = 0.85 m) for 
absorption at 1.85 bar absolute with an inlet gas composition of 10.1% NO, 9% O2, 
1.5% Ar, 0.3% N2, balance H2O, and an inlet mass flux of 5.8 kg m−2 s−1. 
 
 
The pressure drop across the length for all channel diameters is given in Figure 7.8. It can be 
seen that the pressure drop across the length of the 5 mm ID channel can be considered 
negligible (~2 Pa) because the drag force exerted by the very slow moving vapour core on the 
liquid surface is insignificantly small. 
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Figure 7.8: Effects of channel diameter on pressure drop across the reactor length for 
absorption at 1.85 bar absolute with an inlet gas composition of 10.1% NO, 9% O2, 
1.5% Ar, 0.3% N2, balance H2O, and an inlet mass flux of 5.8 kg m−2 s−1. Predictions of 
the model described in the text are shown for pressure drop (   ) and nominal 
residence times (   ). 
 
 
The results in this section are formulated on the basis that the model fitted parameter of 
3=iAθ  is valid across all channel diameters. However, similar calculations conducted in 
Section 6.4.6 showed poor agreement between the simulated and experimental values for the 
larger tube when a constant multiplier was used, hence this assumption may not be true. Flow 
stratification was also demonstrated to be possible under those conditions and could account 
for the large discrepancies between the values. To determine if the same overprediction of 
values could also result in these design calculations, the flow patterns in all three channel 
diameters were similarly identified by plotting the superficial gas and liquid velocities against 
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the flow pattern map of Taitel and Dukler (Taitel et al. 1976) and Mandhane (Mandhane et 
al. 1974), as shown in Figure 7.9. 
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Figure 7.9: Superficial gas and liquid velocities in various channel sizes plotted against 
the flow pattern map of Taitel and Dukler (Taitel et al. 1976) and Mandhane et al. 
(Mandhane et al. 1974) constructed for horizontal water-air flow in a 25 mm ID pipe at 
25°C and 1 atm. Arrow indicates progression of velocities from the absorber inlet. 
 
 
Assuming that the flow regions continue to extend to much lower liquid velocities, it can be 
seen from the figure above that a transition from wavy to stratified flow could be possible in 
the smaller channel as condensation and absorption progresses. For the larger channels, 
stratified flow may persist throughout the length of the absorbers. The results presented above 
should therefore be interpreted with caution, as the absorption efficiency of the system may 
be dictated by the flow regime and the annular flow model in this case could be inaccurate. 
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7.5 Coolant Temperature 
 
Simulations of varying coolant temperatures (30 - 50°C) were performed to determine its 
effects on the absorption efficiency of the system. The results are shown in Figure 7.10 and 
Figure 7.11. 
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Figure 7.10: Effects of coolant temperature on nitric acid yield for absorption in a 2 mm 
ID channel at 1.85 bar absolute with an inlet gas composition of 10.1% NO, 9% O2, 
1.5% Ar, 0.3% N2, balance H2O, and an inlet mass flux of 5.8 kg m−2 s−1. Predictions of 
the model described in the text are shown for nitric acid yield (   ) and nominal 
residence times (   ). 
 
 
Similar to the results shown in Section 6.4.8.2, increasing the coolant temperature decreases 
both the nitric and nitrous acid yields for a given mass flow rate and residence time (or 
absorber length). As discussed previously, the overall driving force for heat transfer between 
the gas and coolant decreases with increasing coolant temperatures, hence the gas phase 
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reactions are hampered while the disproportionation of aqueous HNO2 is promoted by the 
increase in gas and liquid temperatures respectively. With a coolant temperature of 30°C, the 
final acid solution contains 31 wt% HNO3 and 0.30 wt% HNO2. 
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Figure 7.11: Effects of coolant temperature on nitrous acid yield for absorption in a 2 
mm ID channel at 1.85 bar absolute with an inlet gas composition of 10.1% NO, 9% O2, 
1.5% Ar, 0.3% N2, balance H2O, and an inlet mass flux of 5.8 kg m−2 s−1. Predictions of 
the model described in the text are shown for nitrous acid yield (   ) and nominal 
residence times (   ). 
 
 
The composition of the outlet gas stream is shown in Figure 7.12. 
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Figure 7.12: Effects of coolant temperature on outlet gas composition (x = 0.85 m) for 
absorption in a 2 mm ID channel at 1.85 bara with an inlet gas composition of 10.1% 
NO, 9% O2, 1.5% Ar, 0.3% N2, balance H2O, and an inlet mass flux of 5.8 kg m−2 s−1. 
 
 
Due to the poorer absorption efficiency at increased coolant temperatures, the concentration 
of NOx in the tail gas is higher than that at lower coolant temperatures. In the case where a 
coolant temperature of 50°C is used, 3.3% of the initial NO concentration is lost as 
unabsorbed nitrous gases.  
 
Despite the improved efficiencies, cooling water at temperatures as low as 30°C may not 
always be readily accessible at plant sites, hence this factor must be accounted for in the 
design of the absorption section. Having said that, only a 1.3% improvement in nitric acid 
yield was observed when the coolant temperature was decreased from 50°C to 30°C. 
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7.6 Absorber Size 
                                                                                                                                                                                                                                                                                      
The approximate size of a prospective plant in replacement of large industrial cooler-
condensers and absorption towers can be calculated based on the results of the model. Using 
the conditions of Table 7.1 with a higher system pressure of 2 bara, the predictions of the 
model at a distance of 0.85 m from the absorber inlet are as follows:  
 
Nitric acid yield, 
L
X −3NO / 3HNO
: 97.4% 
Nitric acid strength, 
L
C −3NO / 3HNO
: 31.2 wt% 
Nitric acid flow rate, 
L
m −3NO/3HNO
 : 16 s kg1036.5 −−×  
Gas temperature, GT : 305 K 
Total pressure, TP : 2.00 bar 
 
Since the nitric acid capacity is typically calculated in terms of 100% HNO3 for absorber 
design (Hoftyzer et al. 1972; EFMA 2000), the production rate of acid in a single absorption 
channel is found to be: 
 
1416
3HNO 100% dt 1044.11000
246060
 wt%100
  wt%31.2s kg1036.5 −−−− ×=×××××=
L
m  
 
Since the typical capacity of a new plant is 1000 t d-1 of 100% nitric acid (EFMA 2000) , the 
number of tubes in parallel required to achieve the same production rate is 61093.6 × , the 
total absorption volume elmicrochannabsV of which is: 
 
( ) ( )( ) 3623 m 5.181093.6m 85.0m102
4
=××= −
π
elmicrochannabsV  
 
A formula that relates absorption volume industrialabsV  to capacity L
m 3HNO 100% , pressure 
TP and absorption efficiency 
L
X −3NO / 3HNO
 for industrial absorbers has been derived from 
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theory with additional data from industrial plants. The equation has been presented by 
Hoftyzer (1972): 
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Where 
 1~ =absβ  for plate towers and 3
4~
=absβ  for packed columns 
f
k ˆ1ˆ = rate constant of Bodenstein equation, bar
−2 s−1 
0x = molar percentage of oxygen in tail gas, % 
 
The formula is valid for K 303~,mol% 3~,97.0~ 0 Gabs Tx≥η . 
 
Using temperatures and pressures identical to those obtained from the simulation above, and 
assuming an average percentage of 3 mol% oxygen in the tail gas (EFMA 2000), the 
absorption volume required to produce 1000 t d-1 of 100% nitric acid in a plate tower is: 
 
( ) ( ) ( )( )
3
1232
1
m 7248
974.01
97.0974.0
mol% 3sbar 73.9
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Based on the calculations above, the absorption volume required for the production of 1000 t 
d-1 of nitric acid in the microreactor system is ~2 orders of magnitude smaller than that 
required using industrial absorbers under similar conditions. Since microchannel absorption 
also includes processes typically involved in conventional cooler-condensers, while its 
volume was excluded from the calculations for the industrial plant above, the estimate in 
volume reduction is a lower limit of the intensification that can be achieved.  
 
However, the 60% acid strength obtained from conventional plants would be of higher 
commercial value than the 31 wt% HNO3 produced in the smaller system, so an increase in 
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volume would be expected to be applied to the latter in concentrating the solution up to 60% 
through distillation. In addition, the process volume in an industrial tower is about 100% of 
the vessel volume, while that in the microreactor is only about 30%, hence the physical size 
of the miniaturised plant would be larger than the volume calculated above.  
 
Nevertheless, intensification of the process and an overall reduction in size can still be 
achieved through employment of the proposed design and operating conditions of Table 7.1, 
in particular, the high surface area to volume ratio provided by the small channels, and the 
increase in partial pressure of reactant gases and extended residence times provided by the 
high steam fractions.  
 
7.7 Conclusion 
 
The absorption rate of nitrous gases for the given set of operating conditions is favoured by 
increased system pressures, small channel diameters and low coolant temperatures. However, 
based on the experimental results in Section 6.4.3, the system pressure employed should not 
be excessively high (> 5 bara), as the performance of the absorber may be reduced due to 
mass transfer limitations. It is therefore desirable to operate the absorption section at a 
pressure of ~2 bara as efficiencies as high as 99% can still be obtained without the need for 
expensive and energy intensive compressors.  
 
Although the acid solutions obtained from the proposed design and operating conditions will 
be of lower concentrations (30 – 31 wt% HNO3) than those typically produced in industrial 
absorption towers, concentration of the product solution can be obtained via distillation up to 
the azeotropic composition (68.4% HNO3). This process is simpler and more compact than 
the kinetically limited absorption of nitrous gases. The same advantages apply to the 
evaporation of ammonium nitrate solutions produced from the weak acid.   
 
The concentrations of nitrous gases emitted from the microreactor system are also much 
higher (37000 to 110000 ppm) than the usual industrial levels of 1000 to 2000 ppm, the 
volume of the pollutants were approximated to be half of that typically emitted by larger 
plants. Despite this, tail-gas treatment would be especially efficient in dealing with the high 
concentration of nitrous gases. 
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The internal diameter of the channels should be as small as possible to promote heat and mass 
transfer within the system. For a given inlet mass flow rate and absorber length, increasing 
the channel diameter increases the residence time of the reactants in the reactor due to the 
decrease in gas mass flux. This increase in residence time was found to have a larger impact 
on the product yield compared to the opposing effects of reduced heat and mass transfer rates. 
In other words, at low concentrations of NO and at long residence times, such as at the tail 
end of the absorption process, the product yield becomes more sensitive to the reaction 
kinetics. The results obtained from the analysis on the effects of channel diameter should 
however be used with care, as flow stratification may be possible in the larger channels and 
the predictions of the annular flow model in these cases may not be accurate.  
 
Due to the low flow rates of gas and liquid used in this process, the pressure drop across the 
length of the channel has been shown to be negligible. Hence, much smaller channels can be 
utilised for increased absorption efficiency without considerable loss in pressure. A large part 
of the heat liberated near the inlet of the absorber comes from the condensation process, 
while the heat released downstream is produced from chemical reactions. The choice of 
coolant temperature very much depends on the resources available. Within the temperature 
range of 30 – 50°C, only a slight difference in absorption efficiency was observed between 
the temperatures. 
 
It must be noted that these parameters do not encompass all points of consideration, for 
instance the effects of the passage profile (straight channel vs. tortuous path) have yet to be 
considered. The present model serves as a good starting point for the design of absorbers 
involving diffusion-bonded plates etched with microchannels, but the simulations only 
provide qualitative results. Further work must be conducted in order to achieve full 
optimisation of the design. 
 
The absorption volume required for the commercial production of nitric acid in 
microchannels was found to be 2 orders of magnitude smaller than that typically used by 
conventional plants. This value is a lower limit of the intensification that can be achieved, as 
the volume of cooler-condensers was not included in the calculations. Although additional 
volume is required for distillation of the dilute acid solution, substantial reduction in plant 
size can still be achieved by absorbing nitrous gases in microreactors under conditions of 
high steam fractions.  
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8 Conclusions and Recommendations 
 
The research work undertaken in this thesis aimed at gaining an understanding of the 
fundamental behaviour of nitrous gas formation and absorption in microchannels. In 
particular, experimental studies have been conducted to determine the effects of system 
parameters such as gas composition, total pressure, channel diameter, coolant flow rate and 
coolant temperature on the absorption efficiency. A mathematical model based on a core-
annular shear-driven flow with a smooth vapour-liquid interface has also been developed and 
validated against experimental data from literature and from the present work. Predictions of 
the model were then used in the design of a lab-scale absorber by optimising the conditions 
required to achieve full absorption.  
 
8.1 Experimental Results 
8.1.1 Experimental Techniques 
 
A method of acid sample collection has been developed to capture the kinetic behaviour of 
nitrous gas absorption in this system by effectively retarding the disproportionation of nitrous 
acid in solution. It has been verified through this method that the disproportionation is a fast 
reaction but can essentially be frozen through rapid dilution with water. The collection of 
acid samples in water decreases both the concentrations of nitrous and nitric acid, thereby 
slowing down the rate of nitrous acid decomposition. In addition, the dissociation of the 
molecular nitrous acid into its ions is also favoured when the pH of the solution increases 
above the logarithmic value of the nitrous acid dissociation constant ( 29.3p ≈aK at 25°C). 
These two factors lead to the retainment of the nitrous acid component in the form of 
unreactive nitrite ions in solution.  
 
8.1.2 Effects of Nominal Residence Time 
 
Experiments on the absorption of a mixture of NO, O2 and steam in a 1.4 mm ID tube 
showed that increasing nominal residence times increases the absorption efficiency by 
allowing both the slow NO oxidation to reach completion and the reactive nitrous species to 
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be fully absorbed. It was shown that absorption efficiencies comparable to those of high 
pressure industrial plants (~99%) could be achieved, thus supporting the viability of nitric 
acid production in microchannels. 
 
8.1.3 Effects of Gas Composition 
 
Increasing the partial pressures of steam, NO and oxygen individually leads to an increase in 
nitric acid yield and a decrease in nitrous acid yield. This is because the rate of NO oxidation 
increases with an increase in the partial pressures of the reactants, and the resulting rise in 
nitrous acid concentration increases the disproportionation rate of HNO2 in solution. By 
running the reactions close to the stoichiometric O2 amount, and using large quantities of 
steam as ballast, a substantial intensification of the process can be achieved. This is due to the 
significant increase in gas phase reaction rates upon condensation, and also because of 
increased residence times in the absorber.  
 
8.1.4 Effects of System Pressure 
 
The study on the effects of system pressure indicated that, for an inlet NO mole fraction of 
5% at short nominal residence times ( s 10.0<nominalresidence,t ), an increase in total pressure 
from 2 to 6 bar absolute produced an increase in nitric and nitrous acid yields. However, the 
improvement in nitric acid yield was less significant (<5% change) beyond a pressure of 6 
bara. A similar increase in nitric acid yield was observed at 10% NO when the pressure was 
increased from 4 bara to 8 bara, but the nitrous acid yield remained essentially constant and 
equal for both pressures. This increase in nitric acid yield at lower system pressures is 
probably due to an increase in gas phase reaction rates since the formation reactions of the 
nitrous species are favoured by high reactant partial pressures.  
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8.1.5 Effects of Gas Velocity 
 
An increase in inlet gas velocity from 3.4 m s-1 to 4.6 m s-1 produced no significant change in 
the product yields of nitric and nitrous acid. However, this increase in velocity may not be 
sufficiently large for the observation of any changes.  
 
8.1.6 Effects of Reactor Diameter 
 
A comparison between absorption studies conducted in two channels of different diameters 
showed a lower nitric acid yield for the larger tube despite the provision of longer residence 
times. Furthermore, the yield remained unchanged with residence time. On the other hand, 
the nitrous acid yield increased with the increase in channel diameter, but it too remained 
constant as a function of nominal residence time. The decrease in nitric acid yield and 
increase in nitrous acid yield with increasing tube diameters is caused by a decrease in the 
coefficients for heat and mass transfer from the bulk gas to the vapour-liquid interface.  
 
8.1.7 Effects of Reactor Configuration 
 
The nitrous and nitric acid yields obtained from a vertical tube absorber were shown to be 
almost identical to those achieved in a horizontal reactor, with all other parameters kept 
constant. This result is in agreement with the literature findings that the flow patterns in 
capillary tubes of less than 5 mm – 9 mm ID are not severely affected by the flow direction 
due to the dominance of surface tension forces over gravitational forces in the tubes.  
 
8.1.8 Effects of Cooling Water Flow Rate and Temperature 
 
Finally, the effects of cooling duty on the absorption rates were studied. An increase in 
cooling water flow rate improved the nitric acid yield but had little impact on the nitrous acid 
yield except at short nominal residence times where the yield was increased. On a separate 
experiment in which the temperature of the coolant was varied, an increase in both the nitric 
and nitrous acid yields with decreasing coolant temperature could be seen. Both the increase 
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in coolant flow rate and a decrease in its temperature lead to improved heat transfer rates and 
consequently, higher gas phase reaction rates and absorption efficiencies. 
 
8.2 Simulation Results 
8.2.1 Model Validation 
 
Good agreement was achieved when the mathematical model was validated against published 
experimental data for its predictions of the condensation behaviour of steam in a much larger 
tube of 27.5 mm ID under turbulent-turbulent flow conditions. The partial chemical 
equilibrium concept was also verified to be applicable to the fast kinetic reactions of N2O4 
and N2O3 formation.  
 
8.2.2 Model Predictions 
 
A comprehensive parameter sensitivity study revealed that the acid product concentrations 
were sensitive to the gas phase mass transfer coefficient, the heat transfer coefficient between 
the bulk gas and the interface, the reaction rate constant for NO oxidation and the interfacial 
area between the gas and liquid, with the interfacial area having the largest impact. With this, 
an interfacial area multiplier iAθ  was introduced such that parameter uncertainties and the 
possible effects of interfacial waves and intermittent flow patterns can be taken into account 
by the model to obtain the best fit with experimental data. An increase in the multiplier was 
found to increase the nitric acid yield and decrease the nitrous acid yield because the heat and 
mass transfer rates across the vapour-liquid phase boundary have been improved. 
 
8.2.3 Comparison between Simulations and Experiments 
 
Overall, the general trends of the data were well captured by the model which is based on a 
core-annular shear-driven flow with a smooth gas-liquid interface. However, large 
discrepancies were produced when a fixed interfacial area multiplier was used in predicting 
the system behaviour across variable pressures and tube diameters. The former can be 
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attributed to a deficiency in predicting the overall change in heat and mass transfer flux at 
high pressures, while the latter, to a break down in the annular flow condition. 
 
8.2.3.1 Effects of System Pressure  
 
The model predictions indicated a maximum in nitric acid yield at a system pressure of 5 bar 
absolute when the pressure was increased from 2 bara to 10 bara at a fixed nominal residence 
time of 0.08 s. This increase in product yield at the lower pressures results from the fact that 
the effects of reaction kinetics dominate over the influences of mass transfer at sufficiently 
long residence times; an increase in system pressure increases the rate of NO oxidation and 
hence the production rate of the absorbable nitrous gases. The decrease in yield at higher 
pressures ( bara 5>TP ) for the same residence time ( s 08.0, =nominalresidencet ), suggests that 
the absorption process becomes increasingly mass transfer limited with increasing pressures 
at these relatively long residence times. This is because the mass transfer coefficient varies 
inversely with system pressure, and the fractional conversion of the nitrous gases to acid 
should also follow the same relationship.  
 
The model also predicts that at shorter nominal residence times, an increase in pressure can 
lead to a decrease in nitrous gas concentration, and this is due to the increased gas 
temperatures at higher pressures. The formation of nitrous gases is impeded at higher 
temperatures, hence the nitric acid yield should decrease with increasing pressures at these 
residence times. This is yet another validation that the nitric acid production is more sensitive 
to the reaction rate constant for NO oxidation rather than the mass transfer coefficient at low 
pressures.  
 
Furthermore, the delay in the extent of absorption at higher pressures leads to greater gas 
phase velocities for a given distance from the absorber inlet, hence the true gas phase 
residence time available for reaction with the liquid decreases, and so does the nitric acid 
yield. This is further accentuated by the increased gas temperatures at higher pressures.   
 
The steady increase in nitrous acid yield as predicted from the model is due to a decrease in 
the disproportionation rate of aqueous nitrous acid, the rate being inversely proportional to 
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the square root of the partial pressure of gaseous NO.  Hence, the increase in NO partial 
pressure as a result of the increase in total system pressure reduces the decomposition rate of 
aqueous HNO2 and causes its build-up in solution. 
 
The discrepancy between the simulated and observed nitric acid yield could stem from an 
incorrect representation of the gas phase heat and mass transfer, there being little uncertainty 
in the gas phase reaction kinetics. These effects, in addition to other contributing factors such 
as parameter uncertainties, the presence of interfacial waves and the possibility of a flow 
regime transition from annular to intermittent flow, can be captured in a generic way through 
the use of the interfacial area multiplier.   
 
Doubling the value of the multiplier from unity significantly improved the predictions of the 
model on the nitric acid yield. A further increase in the fitted parameter showed a relatively 
smaller increase in yield because the effects of reaction kinetics now start to become 
significant. The multiplier has little impact on the nitrous acid yield because the 
disproportionation rate of nitrous acid is immediately enhanced upon the increase in 
absorption rates.  
 
The reaction kinetics have therefore been substantially improved in this system such that 
usual industrial practice of applying high system pressures to enhance the oxidation reaction 
of NO is no longer necessary. 
 
8.2.3.2 Effects of Gas Composition  
 
A larger value of the model fitted parameter iAθ was generally required when the system 
contained higher concentrations of NO and steam. This is because higher fractions of 
condensables and absorbables lead to lower void fractions upon condensation and absorption, 
such that slug or plug flow is more likely to develop towards the end of the absorber. The 
area available for heat and mass transfer between gas and liquid would therefore be larger 
than that obtained if annular flow was assumed to occur under the same conditions.  
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On the other hand, lower values of iAθ were required at short nominal residence times (< 0.07 
s) for systems with higher oxygen partial pressures, possibly because of incorrect 
representation of the mass transfer flux under these conditions.  
 
8.2.3.3 Effects of Reactor Diameter 
 
Due to the decrease in heat transfer coefficient with increasing tube diameters, the resulting 
increase in gas temperatures leads to slower NO oxidation rates and consequently, decreased 
nitrous gas formation and absorption rates. In addition, the lag in the extent of absorption 
observed in larger tubes increases the gas velocity and increases the reaction time between 
gas and liquid. The increase in nitrous acid yield with increasing tube diameter for a given 
residence time can be attributed to the decrease in nitrous acid disproportionation rates since 
poorer absorption rates in larger tubes lead to higher NO partial pressures and lower nitrous 
acid concentrations.  
 
A value of 1<iAθ  was also required to give better fit of the predictions to the experimental 
data for larger channels (3.9 mm). A plot of the superficial velocities of the gas and liquid 
against the flow pattern map of water-air flow in large channels (25 mm ID) showed that 
stratified flow persisted throughout the absorption process. The assumption of annular flow in 
the model therefore results in an overestimation of the interfacial area, and hence of the 
absorption efficiency of the system. 
 
8.2.3.4 Effects of Cooling Water Flow Rate and Temperature 
 
In the study on the effects of cooling water flow rate, the choice of interfacial area multiplier 
may have given good agreement at long residence times, but was not suitable for shorter 
nominal residence times (< 0.10 s). Increase the value of iAθ would result in better agreement 
with the experimental data, without significantly affecting the results at longer residence 
times, since absorption has almost reached completion at these points.  
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The large discrepancy between the predicted and observed pressure drops at low coolant 
temperatures results from an underprediction of the gas temperature. A greater shear force is 
exerted on the annular liquid film in the experiments because the velocity of the vapour core 
is higher at increased gas temperatures, hence the pressure drop produced across the absorber 
is larger.  
 
8.3 Design of Absorbers for Nitric Acid Production 
8.3.1 System Pressure 
 
Increasing the total system pressure increases the nitric acid yield and decreases the nitrous 
acid yield for a given absorber length and inlet mass flux, because the true residence time of 
the reactants in the absorber is increased due to decreased flow velocities. The use of steam 
as a ballast results in the production of dilute solutions of nitric acid (30 – 31 wt% HNO3), 
but concentration of the product can be achieved through the compact process of distillation.  
 
Although the microreactor system would produce higher concentrations of nitrous species in 
the tail-gas, the volume of the emissions was estimated to be half of that released by 
industrial plants. Furthermore, the high concentration of the nitrous gases can lead to an 
improvement in the efficiency of tail-gas treatments.  
 
Heat considerations should also account for the fact that near the inlet of the absorber, most 
of the liberated heat stems from the latent heat released during condensation, after which the 
heats of chemical reaction start to dominate.  
 
8.3.2 Channel Diameter 
 
For a given inlet mass flow rate and absorber length, increasing the channel diameter 
increases the time available for reactions to occur between gas and liquid, and the absorption 
efficiency therefore increases despite the reduction in heat and mass transfer. This reflects the 
dominance of reaction kinetics over heat and mass transfer at long residence times.  
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The pressure drop across the length for all channel diameters was found to be small (<90n Pa) 
due to the low flow rates employed. However, the results obtained should be used with care 
because the use of a constant interfacial area multiplier can lead to poor agreement between 
simulated and experimental data as was demonstrated previously in Section 6.4.6. Moreover, 
flow stratification was shown to be possible in the larger channels, which could result in an 
overprediction of the product yields.  
 
8.3.3 Coolant Temperature 
 
Increasing the coolant temperature decreases both the nitric and nitrous acid yields for a 
given mass flow rate and residence time due to a reduction in heat transfer between the gas 
and coolant. The gas phase reactions thus slow down while the disproportionation of aqueous 
HNO2 is promoted by the increase in liquid temperatures. Only a 1.3% improvement in nitric 
acid yield was observed when the coolant temperature was decreased from 50°C to 30°C. 
 
8.3.4 Absorber Size 
 
The absorption volume required for the production of 1000 t d-1 of nitric acid in the 
microreactor system was found to be ~2 orders of magnitude smaller than that required using 
industrial absorbers under similar conditions. This value is a conservative estimate of the 
intensification that can be achieved because the volume of cooler-condensers was excluded 
from the calculations. 
 
However, the production of a more dilute acid solution in the microreactor system would 
require the need for distillation in order to increase the concentration and hence the value of 
the acid product. This would lead to an increase in the volume of the microreactor. 
Furthermore, the process volume in a microreactor is only about 30% of the vessel volume, 
while that of the industrial tower is close to 100%.  
 
Despite this, an overall reduction in size can still be achieved through the absorption of 
nitrous gases in microchannels under high steam fractions and close-to-stoichiometric oxygen 
concentrations.  
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8.4 Recommendations 
 
Whilst this thesis has made an important contribution to the understanding of oxidation and 
absorption of nitrogen oxides in microchannels, there are other aspects in this research which 
require further study. Some suggestions for future work are given below: 
 
1. Visualisation of the flow pattern should be carried out to support any concluding 
statements regarding a transition in the flow regime (from annular to intermittent 
flow, or from annular to stratified flow). 
 
2. Studies on the structure of the vapour-liquid interface should be conducted to 
determine the effects of interfacial turbulence on the absorption efficiency.  
 
3. Further experimentations at much shorter nominal residence times (< 0.10 s) and 
across higher system pressures and higher reactant partial pressures are required to 
gain a better understanding of the system behaviour under these conditions so that 
proper choice of the interfacial area multiplier value can be applied for correction of 
the model.  
 
4. The experiments should also be extended to turbulent-turbulent flows to validate the 
model and broaden its range of use.  
 
5. It would also be interesting to determine the effects of passage profile (herringbone or 
zig-zag paths, chevron, etc.) on the absorption efficiency, as turbulence would be 
expected to be induced in the flow. This would lead to increased heat and mass 
transfer rates.   
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Appendix A. Calibration Charts 
A.1 Mass Flow Controller Calibrations 
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Figure A.1: Mass flow calibration chart for MFC 1 (500 sccm) 
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Figure A.2: Mass flow calibration chart for MFC 2 (1 slpm) 
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Figure A.3: Mass flow calibration chart for MFC 4 (5 slpm) 
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A.2 FTIR Calibrations 
 
Figure A.4: FTIR calibration chart for NO2 
 
 
Figure A.5: FTIR calibration chart for N2O 
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Figure A.6: FTIR calibration chart for H2O 
 
A.3 Ion Chromatography Calibrations 
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Figure A.7: IC calibration chart for NO2- at 25°C and 1 atm. 
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Appendix B. Thermodynamic and Transport Data 
 
The thermodynamic and transport data used in the absorption model is presented here.  
 
B.1 Gas 
B.1.1 Diffusion Coefficient 
A relationship was obtained for the parameter by applying a curve of best fit through the 
values obtained from Aspen Plus (Aspen Technology 2007). 
  
( ) ( )
T
G
Gjk P
T B12 As m =− D  
 
Where  
 TP  is in bar 
 
 
Binary Mixture A B 
O2-H2O 3.62E-10 1.949901 
O2-Ar 9.27E-10 1.76343 
O2-NO 8.63E-10 1.789309 
O2-NO2 3.33E-10 1.885576 
O2-N2O3 2.82E-10 1.887431 
O2-N2O4 2.99E-10 1.885375 
O2-HNO2 2.43E-10 1.902955 
O2-HNO3 2.51E-10 1.912534 
 
B.1.2 Viscosity 
2CBA GGGj TT ++=µ  
Species j A B C Unit Source 
Ar 5.30E-06 5.81E-08  Pa.s NIST 
O2 5.43E-06 5.06E-08  Pa.s NIST 
NO 40 0.54 -1.24E-04 μP Yaws 
NO2 -372 2.33 -2.15E-03 μP Yaws 
N2O3 -11 0.43 -9.73E-05 μP Yaws 
N2O4 -23 0.83 -1.87E-04 μP Yaws 
HNO2 -3.16E-07 2.83E-08  Pa.s Aspen Plus 
HNO3 -14 0.43 -8.25E-05 μP Yaws 
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B.1.3 Thermal Conductivity 
2CBA GGGj TTk ++=  
Species j A B C Unit Source 
Ar 4.15E-03 4.54E-05  W m-1 K-1 NIST 
O2 2.53E-03 8.04E-05  W m-1 K-1 NIST 
NO 1.76E-03 8.24E-05 -1.25E-08 W m-1 K-1 Yaws 
NO2 -1.29E-02 1.04E-04 -2.14E-08 W m-1 K-1 Yaws 
N2O3 -7.49E-03 7.04E-05 -9.16E-09 W m-1 K-1 Yaws 
N2O4 -1.74E-02 1.48E-04 -2.25E-08 W m-1 K-1 Yaws 
HNO2 -3.104E-03 4.14E-05 1.53E-08 W m-1 K-1 Aspen Plus 
HNO3 -1.06E-02 7.81E-05 -5.00E-10 W m-1 K-1 Yaws 
 
B.1.4 Heat Capacity 
432 EDCBA~ GGGG
Gj
p TTTTC ++++=  
Species j A B C D E Unit Source 
Ar 0.53 -6.44E-05 1.37E-07 -1.01E-10  J g-1 K-1 NIST 
O2 1.00 -8.43E-04 2.37E-06 -1.61E-09  J g-1 K-1 NIST 
NO 33 -2.36E-02 5.32E-05 -3.79E-08 9.12E-12 J mol-1 K-1 Yaws 
NO2 33 -7.43E-04 8.17E-05 -8.29E-08 2.44E-11 J mol-1 K-1 Yaws 
N2O3 29 1.69E-01 -1.82E-04 9.97E-08 -2.20E-11 J mol-1 K-1 Yaws 
N2O4 30 2.27E-01 -2.27E-04 1.07E-07 -1.92E-11 J mol-1 K-1 Yaws 
HNO2 458 2.17E+00 -1.37E-03   J kg-1 K-1 Aspen Plus 
HNO3 20 1.34E-01 -6.11E-05 -1.23E-08 1.11E-11 J mol-1 K-1 Yaws 
 
B.1.5 Enthalpy 
GGj
TH BA~ +=  
Species j A B Unit Source 
H2O -2.52E+05 34 J mol-1 OLI 
Ar -6.20E+03 21 J mol-1 OLI 
O2 -8.81E+03 30 J mol-1 OLI 
NO 8.14E+04 30 J mol-1 OLI 
NO2 2.17E+04 38 J mol-1 OLI 
N2O3 6.31E+04 69 J mol-1 Yaws 
N2O4 -1.35E+04 83 J mol-1 OLI 
HNO2 -9.00E+04 47 J mol-1 OLI 
HNO3 -1.51E+05 57 J mol-1 OLI 
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B.2 Liquid 
B.2.1 Diffusion Coefficient 
A relationship was obtained for the parameter by applying a curve of best fit through the 
values obtained from Aspen Plus (Aspen Technology 2007). 
 
( ) ( )B
Ljk
TA=−12 s m D  
 
Where  
 
Ljk
 D is in m2 s-1 
 
Binary Mixture A B 
NO-HNO3 mixture 1.06E-22 5.429126 
NO2-HNO3 mixture 1.08E-22 5.394661 
N2O3-HNO3 mixture 1.13E-22 5.333984 
N2O4-HNO3 mixture 1.26E-22 5.297385 
HNO2-HNO3 mixture 2.12E-22 5.247142 
HNO3-H2O 4.74E-23 5.49909 
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B.2.2 Viscosity 
A relationship was obtained for the parameter by applying a curve of best fit through the 
values obtained from Aspen Plus (Aspen Technology 2007). 
( ) GFEDCBAPa.s 23456
3/NO3HNO
++++++=
− LLLLLL
L
CL TTTTTTµ  
Where 
 
L
C −3/NO3HNO
is in mol m-3 
L
C −3/NO3HNO
 A B C D E F G 
0.00E+00 1.96E-16 -4.19E-13 3.75E-10 -1.80E-07 4.92E-05 -7.25E-03 4.52E-01 
5.35E+02 7.98E-15 -1.59E-11 1.32E-08 -5.81E-06 1.44E-03 -1.91E-01 1.05E+01 
6.66E+02 7.65E-15 -1.52E-11 1.26E-08 -5.57E-06 1.38E-03 -1.83E-01 1.01E+01 
8.82E+02 7.11E-15 -1.42E-11 1.17E-08 -5.18E-06 1.28E-03 -1.70E-01 9.37E+00 
1.05E+03 6.68E-15 -1.33E-11 1.10E-08 -4.87E-06 1.21E-03 -1.60E-01 8.81E+00 
1.31E+03 1.89E-15 -3.73E-12 3.06E-09 -1.34E-06 3.32E-04 -4.38E-02 2.42E+00 
1.55E+03 2.06E-15 -4.08E-12 3.36E-09 -1.48E-06 3.66E-04 -4.85E-02 2.69E+00 
1.72E+03 2.17E-15 -4.31E-12 3.56E-09 -1.57E-06 3.89E-04 -5.16E-02 2.86E+00 
1.92E+03 2.31E-15 -4.59E-12 3.80E-09 -1.68E-06 4.17E-04 -5.53E-02 3.07E+00 
2.04E+03 2.39E-15 -4.76E-12 3.94E-09 -1.74E-06 4.33E-04 -5.75E-02 3.19E+00 
2.51E+03 2.70E-15 -5.39E-12 4.48E-09 -1.98E-06 4.95E-04 -6.58E-02 3.66E+00 
3.08E+03 3.05E-15 -6.10E-12 5.08E-09 -2.26E-06 5.65E-04 -7.53E-02 4.19E+00 
3.26E+03 3.16E-15 -6.32E-12 5.27E-09 -2.34E-06 5.86E-04 -7.82E-02 4.36E+00 
3.62E+03 3.36E-15 -6.74E-12 5.63E-09 -2.51E-06 6.27E-04 -8.38E-02 4.67E+00 
3.96E+03 3.52E-15 -7.06E-12 5.90E-09 -2.63E-06 6.59E-04 -8.81E-02 4.91E+00 
4.62E+03 1.75E-15 -3.52E-12 2.95E-09 -1.32E-06 3.31E-04 -4.46E-02 2.50E+00 
5.55E+03 1.96E-15 -3.95E-12 3.32E-09 -1.49E-06 3.76E-04 -5.06E-02 2.85E+00 
6.40E+03 2.13E-15 -4.31E-12 3.63E-09 -1.63E-06 4.13E-04 -5.57E-02 3.14E+00 
7.85E+03 1.45E-15 -2.95E-12 2.50E-09 -1.13E-06 2.88E-04 -3.91E-02 2.23E+00 
9.08E+03 5.48E-16 -1.13E-12 9.76E-10 -4.50E-07 1.17E-04 -1.64E-02 9.66E-01 
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B.2.3 Density 
A relationship was obtained for the parameter by applying a curve of best fit through the 
values obtained from Aspen Plus (Aspen Technology 2007). 
( )
ED
CBAm kg
3/NO3HNO
2
3/NO3HNO
3
3/NO3HNO
4
3/NO3HNO
-3
++
++=
−
−−−
L
LLL
LTL
C
CCCρ
 
Where 
 
L
C −3/NO3HNO
is in mol m-3 
TL (K) A B C D E 
293.15  -4.77E-12 -4.49E-07 3.43E-02 9.98E+02 
298.15  -2.99E-12 -5.19E-07 3.45E-02 9.97E+02 
303.15  -1.19E-12 -5.88E-07 3.48E-02 9.95E+02 
308.15  6.20E-13 -6.57E-07 3.51E-02 9.94E+02 
313.15  2.44E-12 -7.25E-07 3.53E-02 9.92E+02 
318.15  4.27E-12 -7.92E-07 3.55E-02 9.90E+02 
323.15  6.10E-12 -8.59E-07 3.57E-02 9.88E+02 
328.15  7.92E-12 -9.23E-07 3.58E-02 9.85E+02 
333.15  9.74E-12 -9.87E-07 3.60E-02 9.83E+02 
338.15  1.16E-11 -1.05E-06 3.61E-02 9.80E+02 
343.15  1.34E-11 -1.11E-06 3.62E-02 9.77E+02 
348.15  1.51E-11 -1.17E-06 3.62E-02 9.74E+02 
353.15  1.69E-11 -1.22E-06 3.63E-02 9.71E+02 
358.15  1.57E-11 -1.21E-06 3.59E-02 9.68E+02 
363.15  2.10E-11 -1.35E-06 3.63E-02 9.65E+02 
368.15  3.12E-11 -1.58E-06 3.72E-02 9.61E+02 
373.15  4.97E-11 -2.14E-06 4.17E-02 9.45E+02 
378.15  3.34E-11 -1.69E-06 3.75E-02 9.51E+02 
383.15  3.07E-11 -1.58E-06 3.56E-02 9.54E+02 
388.15 9.67E-15 -4.36E-10 6.80E-06 -3.11E-02 1.14E+03 
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B.2.4 Thermal Conductivity 
A relationship was obtained for the parameter by applying a curve of best fit through the 
values obtained from Aspen Plus (Aspen Technology 2007). 
( )
GFED
CBAK mW 
3/NO3HNO
2
3/NO3HNO
3
3/NO3HNO
4
3/NO3HNO
5
3/NO3HNO
6
3/NO3HNO
-1-1
++++
++=
−−−
−−−
LLL
LLL
LTL
CCC
CCCk
 
Where 
 
L
C −3/NO3HNO
is in mol m-3 
TL (K) A B C D E F G 
293.15 -2.65E-26 2.14E-21 -6.88E-17 1.10E-12 -7.87E-09 -8.87E-06 5.99E-01 
298.15 -2.79E-26 2.25E-21 -7.25E-17 1.16E-12 -8.33E-09 -8.04E-06 6.06E-01 
303.15 -2.91E-26 2.35E-21 -7.59E-17 1.22E-12 -8.76E-09 -7.26E-06 6.13E-01 
308.15 -3.01E-26 2.44E-21 -7.90E-17 1.27E-12 -9.16E-09 -6.56E-06 6.20E-01 
313.15 -3.09E-26 2.52E-21 -8.17E-17 1.32E-12 -9.53E-09 -5.94E-06 6.26E-01 
318.15 -3.16E-26 2.58E-21 -8.41E-17 1.36E-12 -9.86E-09 -5.40E-06 6.32E-01 
323.15 -3.21E-26 2.64E-21 -8.63E-17 1.40E-12 -1.02E-08 -4.94E-06 6.37E-01 
328.15 -3.26E-26 2.69E-21 -8.83E-17 1.44E-12 -1.04E-08 -4.56E-06 6.43E-01 
333.15 -3.30E-26 2.74E-21 -9.02E-17 1.47E-12 -1.07E-08 -4.27E-06 6.48E-01 
338.15 -3.34E-26 2.78E-21 -9.20E-17 1.50E-12 -1.09E-08 -4.06E-06 6.52E-01 
343.15 -3.39E-26 2.83E-21 -9.38E-17 1.53E-12 -1.11E-08 -3.91E-06 6.57E-01 
348.15 -3.44E-26 2.88E-21 -9.56E-17 1.56E-12 -1.13E-08 -3.83E-06 6.61E-01 
353.15 -3.50E-26 2.94E-21 -9.75E-17 1.59E-12 -1.14E-08 -3.81E-06 6.64E-01 
358.15 -4.32E-26 3.37E-21 -1.06E-16 1.68E-12 -1.18E-08 -3.50E-06 6.68E-01 
363.15 -6.98E-26 4.71E-21 -1.32E-16 1.91E-12 -1.28E-08 -2.42E-06 6.71E-01 
368.15 -8.45E-26 5.46E-21 -1.47E-16 2.04E-12 -1.33E-08 -2.00E-06 6.74E-01 
373.15 -1.41E-25 9.11E-21 -2.40E-16 3.24E-12 -2.12E-08 2.31E-05 6.46E-01 
378.15 -8.17E-26 5.67E-21 -1.60E-16 2.28E-12 -1.50E-08 2.84E-06 6.73E-01 
383.15 -3.07E-26 2.30E-21 -6.91E-17 9.99E-13 -5.05E-09 -3.71E-05 7.39E-01 
388.15 -3.32E-25 2.42E-20 -7.26E-16 1.14E-11 -9.79E-08 4.01E-04 -1.14E-01 
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B.2.5 Heat Capacity 
A relationship was obtained for the parameter by applying a curve of best fit through the 
values obtained from Aspen Plus (Aspen Technology 2007). 
( )
GFED
CBAK kg J~
3/NO3HNO
2
3/NO3HNO
3
3/NO3HNO
4
3/NO3HNO
5
3/NO3HNO
6
3/NO3HNO
1-1-
++++
++=
−−−
−−−
LLL
LLLLT
Lp
CCC
CCCC
 
Where 
 
L
C −3/NO3HNO
is in mol m-3 
TL (K) A B C D E F G 
293.15 1.32E-22 -1.08E-17 3.47E-13 -5.53E-09 4.76E-05 -3.19E-01 4.18E+03 
298.15 1.24E-22 -1.02E-17 3.31E-13 -5.33E-09 4.66E-05 -3.16E-01 4.18E+03 
303.15 1.12E-22 -9.34E-18 3.08E-13 -5.05E-09 4.50E-05 -3.12E-01 4.18E+03 
308.15 9.74E-23 -8.31E-18 2.80E-13 -4.70E-09 4.28E-05 -3.06E-01 4.18E+03 
313.15 8.08E-23 -7.13E-18 2.48E-13 -4.28E-09 4.03E-05 -2.99E-01 4.18E+03 
318.15 6.26E-23 -5.86E-18 2.14E-13 -3.83E-09 3.73E-05 -2.90E-01 4.18E+03 
323.15 4.34E-23 -4.52E-18 1.78E-13 -3.36E-09 3.42E-05 -2.80E-01 4.18E+03 
328.15 2.40E-23 -3.18E-18 1.42E-13 -2.88E-09 3.09E-05 -2.69E-01 4.18E+03 
333.15 4.74E-24 -1.86E-18 1.06E-13 -2.41E-09 2.75E-05 -2.58E-01 4.18E+03 
338.15 -1.37E-23 -6.08E-19 7.27E-14 -1.95E-09 2.42E-05 -2.46E-01 4.19E+03 
343.15 -3.10E-23 5.46E-19 4.19E-14 -1.53E-09 2.10E-05 -2.33E-01 4.19E+03 
348.15 -4.65E-23 1.58E-18 1.46E-14 -1.15E-09 1.80E-05 -2.21E-01 4.19E+03 
353.15 -6.01E-23 2.46E-18 -9.04E-15 -8.07E-10 1.51E-05 -2.08E-01 4.20E+03 
358.15 -9.00E-23 4.11E-18 -4.57E-14 -3.64E-10 1.18E-05 -1.95E-01 4.20E+03 
363.15 -1.44E-22 6.88E-18 -1.02E-13 2.28E-10 8.04E-06 -1.81E-01 4.20E+03 
368.15 -1.66E-22 7.98E-18 -1.25E-13 5.16E-10 5.51E-06 -1.68E-01 4.21E+03 
373.15 -5.23E-23 1.79E-19 8.19E-14 -2.14E-09 2.26E-05 -2.19E-01 4.29E+03 
378.15 1.27E-22 -9.44E-18 2.82E-13 -4.13E-09 3.19E-05 -2.34E-01 4.32E+03 
383.15 5.60E-23 -4.71E-18 1.52E-13 -2.25E-09 1.64E-05 -1.68E-01 4.24E+03 
388.15 -5.81E-22 4.15E-17 -1.24E-12 1.99E-08 -1.81E-04 7.66E-01 2.46E+03 
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B.2.6 Enthalpy 
B.2.6.1 Component 
A relationship was obtained for the parameter by applying a curve of best fit through the 
values obtained from OLI Analyzer Studio (OLI Systems 2010). 
LLj
TH BA~ +=  
Species j A B Unit Source 
H2O -3.08E+05 75 J mol-1 OLI 
NO 2.05E+04 195 J mol-1 OLI 
NO2 -8.65E+03 28 J mol-1 OLI 
N2O3 -8.22E+04 82 J mol-1 Assumption 
N2O4 -8.22E+04 82 J mol-1 OLI 
HNO2 -1.06E+05 -37 J mol-1 OLI 
HNO3 -2.32E+05 93 J mol-1 OLI 
−
2NO  -8.22E+04 -75 J mol
-1 OLI 
−
3NO  -1.94E+05 -44 J mol
-1 OLI 
+H  1.41E-02 -4.75E-05 J mol-1 OLI 
 
Due to limited data, the enthalpy of aqueous species N2O3 was assumed to be equal to that of 
aqueous species N2O4. 
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B.2.6.2 Total 
A relationship was obtained for the parameter by applying a curve of best fit through the 
values obtained from Aspen Plus (Aspen Technology 2007). 
( )
GFED
CBAkg J~
3/NO3HNO
2
3/NO3HNO
3
3/NO3HNO
4
3/NO3HNO
5
3/NO3HNO
6
3/NO3HNO
-1
++++
++=
−−−
−−−
LLL
LLLL
TL
CCC
CCCH
 
Where 
 
L
C −3/NO3HNO
is in mol m-3 
TL (K) A B C D E F G 
293.15 -3.39E-20 2.52E-15 -7.90E-11 1.70E-06 -2.93E-02 8.02E+02 -1.59E+07 
298.15 -3.23E-20 2.44E-15 -7.85E-11 1.72E-06 -2.93E-02 8.01E+02 -1.59E+07 
303.15 -3.07E-20 2.37E-15 -7.85E-11 1.75E-06 -2.94E-02 8.01E+02 -1.59E+07 
308.15 -2.91E-20 2.31E-15 -7.87E-11 1.78E-06 -2.95E-02 8.01E+02 -1.58E+07 
313.15 -2.75E-20 2.26E-15 -7.94E-11 1.82E-06 -2.96E-02 8.01E+02 -1.58E+07 
318.15 -2.62E-20 2.22E-15 -8.08E-11 1.86E-06 -2.98E-02 8.01E+02 -1.58E+07 
323.15 -2.49E-20 2.21E-15 -8.26E-11 1.91E-06 -3.00E-02 8.02E+02 -1.58E+07 
328.15 -2.39E-20 2.21E-15 -8.50E-11 1.97E-06 -3.02E-02 8.03E+02 -1.58E+07 
333.15 -2.29E-20 2.22E-15 -8.79E-11 2.03E-06 -3.04E-02 8.04E+02 -1.57E+07 
338.15 -2.21E-20 2.26E-15 -9.12E-11 2.10E-06 -3.07E-02 8.05E+02 -1.57E+07 
343.15 -2.16E-20 2.31E-15 -9.51E-11 2.17E-06 -3.09E-02 8.06E+02 -1.57E+07 
348.15 -2.12E-20 2.38E-15 -9.94E-11 2.25E-06 -3.12E-02 8.08E+02 -1.57E+07 
353.15 -2.10E-20 2.46E-15 -1.04E-10 2.33E-06 -3.15E-02 8.09E+02 -1.56E+07 
358.15 -5.16E-21 1.77E-15 -9.43E-11 2.28E-06 -3.13E-02 8.11E+02 -1.56E+07 
363.15 -9.84E-20 6.49E-15 -1.86E-10 3.12E-06 -3.45E-02 8.17E+02 -1.56E+07 
368.15 -2.07E-19 1.19E-14 -2.88E-10 4.03E-06 -3.81E-02 8.24E+02 -1.56E+07 
373.15 -3.74E-19 2.18E-14 -5.22E-10 6.81E-06 -5.50E-02 8.76E+02 -1.56E+07 
378.15 -2.04E-20 2.21E-15 -9.34E-11 2.09E-06 -2.74E-02 8.00E+02 -1.55E+07 
383.15 -1.08E-20 1.69E-15 -8.22E-11 1.96E-06 -2.62E-02 7.98E+02 -1.55E+07 
388.15 -2.00E-18 1.46E-13 -4.39E-09 7.04E-05 -6.33E-01 3.65E+03 -2.10E+07 
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Appendix C. CHEMKIN Data 
C.1 Gas Phase Reaction Mechanism 
 
The gas phase reaction mechanism required in the CHEMKIN (Reaction Design 2006) 
simulations for model validation in Section 6.1.2 was taken from the Åbo Akademi 
University database (Zabetta et al. 2000). 
 
    (k = A T
n exp(-Ea/RT)) 
 REACTIONS CONSIDERED A n Ea 
    (cm
3, mol, s)  (cal mol
-1) 
1. NH3+M = NH2+H+M   2.20E+16 0 93470 
2. NH3+H = NH2+H2   6.40E+05 2.39 10171 
3. NH3+O = NH2+OH   9.40E+06 1.94 6460 
4. NH3+OH = NH2+H2O   2.00E+06 2.04 566 
5. NH3+HO2 = NH2+H2O2   3.00E+11 0 22000 
6. NH2+H = NH+H2   4.00E+13 0 3650 
7. NH2+O = HNO+H   6.60E+14 -0.5 0 
8. NH2+O = NH+OH   6.80E+12 0 0 
9. NH2+OH = NH+H2O   4.00E+06 2 1000 
10. NH2+HO2 = H2NO+OH   5.00E+13 0 0 
11. NH2+HO2 = NH3+O2   1.00E+13 0 0 
12. H2NO+O = NH2+O2   2.00E+14 0 0 
13. NH2+NH2= N2H2+H2   8.50E+11 0 0 
14. NH2+NH2= NH3+NH   5.00E+13 0 10000 
15. NH2+NH2(+M)=N2H4(+M)   1.50E+13 0 0 
 Low pressure limit:   1.00E+18 0 0 
 N2 Enhanced by 2.5    
 H2O Enhanced by 5    
 NH3 Enhanced by 10    
16. NH2+NH = N2H2+H   5.00E+13 0 0 
17. NH2+N  = N2+2H   7.00E+13 0 0 
18. NH2+NO = NNH+OH   8.90E+12 
-
0.35 0 
19. NH2+NO = N2+H2O   1.30E+16 
-
1.25 0 
 Declared duplicate reaction...      
20. NH2+NO = N2+H2O   -8.90E+12 
-
0.35 0 
 Declared duplicate reaction...      
21. NH2+NO2 = N2O+H2O   3.20E+18 -2.2 0 
22. NH2+NO2 = H2NO+NO   3.50E+12 0 0 
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23. NH+H = N+H2   3.00E+13 0 0 
24. NH+O = NO+H   9.20E+13 0 0 
25. NH+OH = HNO+H   2.00E+13 0 0 
26. NH+OH = N+H2O   5.00E+11 0.5 2000 
27. NH+O2 = HNO+O   4.60E+05 2 6500 
28. NH+O2 = NO+OH   1.30E+06 1.5 100 
29. NH+N = N2+H   3.00E+13 0 0 
30. NH+NH = N2+2H   2.50E+13 0 0 
31. NH+NO = N2O+H   2.90E+14 -0.4 0 
 Declared duplicate reaction...      
32. NH+NO = N2O+H   -2.20E+13 
-
0.23 0 
 Declared duplicate reaction...      
33. NH+NO = N2+OH   2.20E+13 
-
0.23 0 
34. NH+NO2 = N2O+OH   1.00E+13 0 0 
35. N+OH = NO+H   3.80E+13 0 0 
36. N+O2 = NO+O   6.40E+09 1 6280 
37. N+NO = N2+O   3.30E+12 0.3 0 
38. NO+O+M = NO2+M   7.50E+19 
-
1.41 0 
 N2 Enhanced by 1.7    
 O2 Enhanced by 1.5    
 H2O Enhanced by 10    
39. NO+OH+M = HONO+M   5.00E+23 
-
2.51 -68 
 N2 Enhanced by 1    
 H2O Enhanced by 5    
40. NO+HO2 = NO2+OH   2.10E+12 0 -480 
41. NO2+H = NO+OH   8.40E+13 0 0 
42. NO2+O = NO+O2   3.90E+12 0 -238 
43. NO2+O(+M) = NO3(+M)   1.30E+13 0 0 
 Low pressure limit:   1.00E+28 
-
4.08 2470 
 N2 Enhanced by 1.5    
 O2 Enhanced by 1.5    
 H2O Enhanced by 18.6    
44. NO2+NO2 = NO+NO+O2   1.60E+12 0 26123 
45. NO2+NO2 = NO3+NO   9.60E+09 0.73 20900 
46. NO2+NO(+M) = N2O3(+M)   1.60E+09 1.4 0 
 Low pressure limit:   1.30E+33 -7.7 0 
47. NO2+NO2(+M) = N2O4(+M)   6.00E+12 0 0 
 Low pressure limit:   1.30E+24 -3.8 0 
48. HNO+M = H+NO+M   1.50E+16 0 48680 
 H2O Enhanced by 10    
 O2 Enhanced by 2    
 N2 Enhanced by 2    
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 H2 Enhanced by 2    
49. HNO+H = NO+H2   4.40E+11 0.72 650 
50. HNO+O = NO+OH   1.00E+13 0 0 
51. HNO+OH = NO+H2O   3.60E+13 0 0 
52. HNO+O2 = NO+HO2   1.00E+13 0 25000 
53. HNO+NH2= NO+NH3   2.00E+13 0 1000 
54. HNO+NO = N2O+OH   2.00E+12 0 26000 
55. HNO+NO2 = HONO+NO   6.00E+11 0 2000 
56. HNO+HNO = N2O+H2O   4.00E+12 0 5000 
57. HONO+H = NO2+H2   1.20E+13 0 7350 
58. HONO+O = NO2+OH   1.20E+13 0 6000 
59. HONO+OH = NO2+H2O   4.00E+12 0 0 
60. HONO+NH = NH2+NO2   1.00E+13 0 0 
61. HONO+NH2 = NH3+NO2   5.00E+12 0 0 
62. HONO+HONO=NO+NO2+H2O  2.30E+12 0 8400 
63. H2NO+M = HNO+H+M   2.50E+16 0 50000 
64. H2NO+H = HNO+H2   3.00E+07 2 2000 
65. H2NO+H = NH2+OH   5.00E+13 0 0 
66. H2NO+O = HNO+OH   3.00E+07 2 2000 
67. H2NO+OH = HNO+H2O   2.00E+07 2 1000 
68. H2NO+NO = HNO+HNO   2.00E+07 2 13000 
69. H2NO+NH2 = HNO+NH3   3.00E+12 0 1000 
70. H2NO+NO2 = HONO+HNO   6.00E+11 0 2000 
71. NO3+H = NO2+OH   6.00E+13 0 0 
72. NO3+O = NO2+O2   1.00E+13 0 0 
73. NO3+OH = NO2+HO2   1.40E+13 0 0 
74. NO3+HO2 = NO2+O2+OH   1.50E+12 0 0 
75. NO3+NO2 = NO+NO2+O2   5.00E+10 0 2940 
76. N2H4+H = N2H3+H2   1.30E+13 0 2500 
77. N2H4+O = N2H2+H2O   8.50E+13 0 1200 
78. N2H4+OH = N2H3+H2O   4.00E+13 0 0 
79. N2H4+NH2 = N2H3+NH3   3.90E+12 0 1500 
80. N2H3+M = N2H2+H+M   3.50E+16 0 46000 
81. N2H3+H = NH2+NH2   1.60E+12 0 0 
82. N2H3+O = N2H2+OH   5.00E+12 0 5000 
83. N2H3+O = NH2+HNO   1.00E+13 0 0 
84. N2H3+OH = N2H2+H2O   1.00E+13 0 1000 
85. N2H3+OH = NH3+HNO   1.00E+12 0 15000 
86. N2H3+NH = N2H2+NH2   2.00E+13 0 0 
87. N2H2+M = NNH+H+M   5.00E+16 0 50000 
 H2O Enhanced by 15    
 H2 Enhanced by 2    
 N2 Enhanced by 2    
 O2 Enhanced by 2    
88. N2H2+H = NNH+H2   5.00E+13 0 1000 
89. N2H2+O = NH2+NO   1.00E+13 0 1000 
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90. N2H2+O = NNH+OH   2.00E+13 0 1000 
91. N2H2+OH = NNH+H2O   1.00E+13 0 1000 
92. N2H2+NH = NNH+NH2   1.00E+13 0 1000 
93. N2H2+NH2= NNH+NH3   1.00E+13 0 1000 
94. N2H2+NO = N2O+NH2   3.00E+12 0 0 
95. NNH = N2+H   1.00E+07 0 0 
96. NNH+H = N2+H2   1.00E+14 0 0 
97. NNH+O = N2O+H   1.00E+14 0 0 
98. NNH+O = NH+NO   5.00E+13 0 0 
99. NNH+OH = N2+H2O   5.00E+13 0 0 
100. NNH+O2 = N2+HO2   2.00E+14 0 0 
101. NNH+O2 = N2+H+O2   5.00E+13 0 0 
102. NNH+NH  = N2+NH2   5.00E+13 0 0 
103. NNH+NH2 = N2+NH3   5.00E+13 0 0 
104. NNH+NO = N2+HNO   5.00E+13 0 0 
105. N2O+M = N2+O+M   4.00E+14 0 56100 
 N2 Enhanced by 1.7    
 O2 Enhanced by 1.4    
 H2O Enhanced by 12    
106. N2O+H = N2+OH   3.30E+10 0 4729 
 Declared duplicate reaction...      
107. N2O+H = N2+OH   4.40E+14 0 19254 
 Declared duplicate reaction...      
108. N2O+O = NO+NO   2.90E+13 0 23150 
112. N2O+O = N2+O2   1.40E+12 0 10800 
113. N2O+OH = N2+HO2   2.00E+12 0 40000 
114. O+OH = H+O2   2.00E+14 -0.4 0 
115. O+H2 = OH+H   5.10E+04 2.67 6290 
116. OH+H2 = H2O+H   2.10E+08 1.52 3450 
117. OH+OH = H2O+O   4.30E+03 2.7 -2486 
118. H+OH+M = H2O+M   8.40E+21 -2 0 
 N2 Enhanced by 2.6    
 H2O Enhanced by 16.5    
119. O+O+M = O2+M   1.90E+13 0 -1788 
 N2 Enhanced by 1.5    
120. H+H+M = H2+M   1.00E+18 -1 0 
 H2 Enhanced by 0    
 H2O Enhanced by 0    
121. H+H+H2 = H2+H2   9.20E+16 -0.6 0 
122. H+H+H2O = H2+H2O   6.00E+19 
-
1.25 0 
123. H+O+M = OH+M   6.20E+16 -0.6 0 
 N2 Enhanced by 1.5    
124. H+O2+M = HO2+M   2.10E+18 -1 0 
 N2 Enhanced by 0    
 O2 Enhanced by 1.5    
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 H2O Enhanced by 10    
125. H+O2+N2 = HO2+N2   6.70E+19 
-
1.42 0 
126. HO2+H = H2+O2   4.30E+13 0 1411 
127. HO2+H = OH+OH   1.70E+14 0 875 
128. HO2+H = O+H2O   3.00E+13 0 1721 
129. HO2+O = OH+O2   3.30E+13 0 0 
130. HO2+OH = H2O+O2   2.90E+13 0 -497 
131. HO2+HO2 = H2O2+O2   1.30E+11 0 -1630 
 Declared duplicate reaction...      
132. HO2+HO2 = H2O2+O2   4.20E+14 0 11980 
 Declared duplicate reaction...      
133. H2O2+M = OH+OH+M   1.30E+17 0 45500 
 N2 Enhanced by 1.5    
 O2 Enhanced by 1.5    
 H2O Enhanced by 10    
134. H2O2+H = H2O+OH   1.00E+13 0 3576 
135. H2O2+H = HO2+H2   1.70E+12 0 3755 
136. H2O2+O = HO2+OH   6.60E+11 0 3974 
137. H2O2+OH = H2O+HO2   7.80E+12 0 1330 
 Declared duplicate reaction...      
139. H2O2+OH = H2O+HO2   5.80E+14 0 9560 
 Declared duplicate reaction...      
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C.2 Thermodynamic Data 
 
The thermodynamic data required in the CHEMKIN simulations for model validation in 
Section 6.1.2 was taken from Burcat and Ruscic (2005). The heat capacity, enthalpy of 
formation and Gibbs energy change of reaction have been fitted with two sets of polynomials; 
low temperatures (200 – 1000 K) and high temperatures (1000 – 6000 K). 
 
Low Temperature Range (200 – 1000 K) 
 
a1 a2 a3 a4 a5 a6 a7 
AR 2.50E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -7.45E+02 4.38E+00 
H 2.50E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.55E+04 -4.47E-01 
HO2 4.30E+00 -4.75E-03 2.12E-05 -2.43E-08 9.29E-12 2.95E+02 3.72E+00 
H2 2.34E+00 7.98E-03 -1.95E-05 -2.02E-08 7.38E-12 -9.18E+02 6.83E-01 
H2O 4.20E+00 -2.04E-03 6.52E-06 -5.49E-09 1.77E-12 -3.03E+04 -8.49E-01 
H2O2 4.32E+00 -8.47E-04 1.76E-05 -2.27E-08 9.09E-12 -1.77E+04 3.27E+00 
O 3.17E+00 -3.28E-03 6.64E-06 -6.13E-09 2.11E-12 2.91E+04 2.05E+00 
O2 3.78E+00 -3.00E-03 9.85E-06 -9.68E-09 3.24E-12 -1.06E+03 3.66E+00 
OH 3.99E+00 -2.40E-03 4.62E-06 -3.88E-09 1.36E-12 3.37E+03 -1.04E-01 
N 2.50E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.61E+04 4.19E+00 
N2 3.53E+00 -1.24E-04 -5.03E-07 -2.44E-09 1.41E-12 -1.05E+03 2.97E+00 
NH 3.49E+00 3.12E-04 -1.49E-06 -2.48E-09 1.04E-12 4.21E+04 1.85E+00 
NH2 4.19E+00 -2.05E-03 6.68E-06 -5.25E-09 1.56E-12 2.12E+04 -9.05E-02 
NH3 4.30E+00 -4.77E-03 2.19E-05 -2.30E-08 8.29E-12 -6.70E+03 -6.91E-01 
NNH 4.25E+00 -3.45E-03 1.38E-05 -1.33E-08 4.41E-12 2.91E+04 3.29E+00 
N2H2 4.91E+00 -1.08E-02 3.87E-05 -3.87E-08 1.35E-11 2.42E+04 9.10E-02 
N2H3 3.42E+00 1.35E-03 2.23E-05 -3.00E-08 1.21E-11 2.53E+04 7.83E+00 
N2H4 3.83E+00 -6.49E-04 3.77E-05 -5.01E-08 2.03E-11 1.01E+04 5.75E+00 
NO 4.22E+00 -4.64E-03 1.10E-05 -9.34E-09 2.81E-12 9.85E+03 2.28E+00 
NO2 3.94E+00 -1.59E-03 1.67E-05 -2.05E-08 7.84E-12 2.90E+03 6.31E+00 
NO3 2.17E+00 1.05E-02 1.10E-05 -2.82E-08 1.37E-11 7.81E+03 1.46E+01 
N2O 2.26E+00 1.13E-02 -1.37E-05 -9.68E-09 2.93E-12 8.74E+03 1.08E+01 
N2O3 5.81E+00 1.43E-02 -1.96E-05 -1.73E-08 6.47E-12 8.19E+03 1.20E+00 
N2O4 3.02E+00 2.96E-02 -3.01E-05 -1.42E-08 2.44E-12 -6.79E+02 1.18E+01 
N2O5 3.69E+00 3.92E-02 -5.54E-05 -4.20E-08 1.31E-11 -5.73E+02 1.22E+01 
HNO 4.54E+00 -5.69E-03 1.85E-05 -1.72E-08 5.56E-12 1.16E+04 1.74E+00 
HONO 3.21E+00 8.13E-03 1.66E-06 -9.53E-09 4.87E-12 -1.08E+04 9.82E+00 
HONO2 1.69E+00 1.90E-02 -8.25E-06 -6.06E-09 4.65E-12 -1.74E+04 1.72E+01 
HNO2 1.93E+00 1.01E-02 -4.96E-06 -8.70E-10 2.32E-15 -5.92E+03 1.47E+01 
H2NO 2.53E+00 8.60E-03 -5.47E-06 -2.28E-09 4.65E-13 6.87E+03 1.13E+01 
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High Temperature Range (1000 – 6000 K) 
 
a1 a2 a3 a4 a5 a6 a7 
AR 2.50E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -7.45E+02 4.38E+00 
H 2.50E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 -2.55E+04 4.47E-01 
HO2 4.17E+00 1.88E-03 -3.46E-07 1.95E-11 1.76E-16 6.18E+01 2.96E+00 
H2 2.93E+00 8.27E-04 -1.46E-07 1.54E-11 -6.89E-16 -8.13E+02 -1.02E+00 
H2O 2.68E+00 2.97E-03 -7.74E-07 9.44E-11 -4.27E-15 -2.99E+04 6.88E+00 
H2O2 4.58E+00 4.05E-03 -1.30E-06 1.98E-10 -1.14E-14 -1.80E+04 6.65E-01 
O -2.54E+00 2.73E-05 -4.19E-09 4.95E-12 -4.80E-16 2.92E+04 4.92E+00 
O2 3.66E+00 6.56E-04 -1.41E-07 2.06E-11 -1.30E-15 -1.22E+03 3.42E+00 
OH 2.84E+00 1.11E-03 -2.94E-07 4.21E-11 -2.42E-15 3.70E+03 5.84E+00 
N 2.42E+00 1.75E-04 -1.19E-07 3.02E-11 -2.04E-15 5.61E+04 4.65E+00 
N2 2.95E+00 1.40E-03 -4.93E-07 7.86E-11 -4.61E-15 -9.24E+02 5.87E+00 
NH 2.78E+00 1.33E-03 -4.25E-07 7.83E-11 -5.50E-15 4.23E+04 5.74E+00 
NH2 2.59E+00 3.48E-03 -1.08E-06 1.49E-10 -5.75E-15 2.16E+04 7.91E+00 
NH3 2.72E+00 5.57E-03 -1.77E-06 2.67E-10 -1.53E-14 -6.54E+03 6.09E+00 
NNH 3.43E+00 3.23E-03 -1.17E-06 1.91E-10 -1.14E-14 2.90E+04 6.39E+00 
N2H2 1.31E+00 9.00E-03 -3.15E-06 4.81E-10 -2.72E-14 2.48E+04 1.64E+01 
N2H3 4.04E+00 7.31E-03 -2.48E-06 3.84E-10 -2.23E-14 2.48E+04 2.88E+00 
N2H4 4.94E+00 8.75E-03 -2.99E-06 4.67E-10 -2.73E-14 -9.28E+03 2.69E+00 
NO 3.26E+00 1.19E-03 -4.29E-07 6.94E-11 -4.03E-15 9.92E+03 6.37E+00 
NO2 4.88E+00 2.17E-03 -8.28E-07 1.57E-10 -1.05E-14 -2.32E+03 1.17E-01 
NO3 7.48E+00 2.58E-03 -1.01E-06 1.72E-10 -1.07E-14 -6.13E+03 1.42E+01 
N2O 4.82E+00 2.63E-03 -9.59E-07 1.60E-10 -9.78E-15 -8.07E+03 2.20E+00 
N2O3 9.09E+00 3.38E-03 -1.32E-06 2.31E-10 -1.47E-14 -7.27E+03 1.55E+01 
N2O4 1.16E+01 4.02E-03 -1.57E-06 2.68E-10 -1.67E-14 -2.96E+03 -3.19E+01 
N2O5 1.31E+01 4.87E-03 -1.88E-06 3.16E-10 -1.96E-14 -2.86E+03 -3.47E+01 
HNO 3.17E+00 3.00E-03 -3.94E-07 -3.85E-11 7.08E-15 1.18E+04 7.65E+00 
HONO 5.79E+00 3.65E-03 -1.29E-06 2.07E-10 -1.23E-14 -1.16E+04 -4.06E+00 
HONO2 8.03E+00 4.47E-03 -1.72E-06 2.92E-10 -1.80E-14 -1.93E+04 -1.63E+01 
HNO2 6.48E+00 2.00E-03 -1.74E-07 -9.70E-11 1.70E-14 -7.81E+03 -1.07E+01 
H2NO 5.67E+00 2.30E-03 -1.77E-07 -1.10E-10 1.86E-14 -5.57E+03 6.15E+00 
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C.3 Transport Data 
 
The molecular parameters required for evaluation of transport properties of gaseous mixtures 
in the CHEMKIN simulations were taken from the CHEMKIN transport database.  
 
 
Species Geometry ε/kB σ µ α Zrot 
 
AR 0 136.50 3.33 0.00 0.00 0.00 
H/O species H 0 145.00 2.05 0.00 0.00 0.00 
 
H2 1 38.00 2.92 0.00 0.79 280.00 
 
H2O 2 572.40 2.61 1.84 0.00 4.00 
 
H2O2 2 107.40 3.46 0.00 0.00 3.80 
 
HO2 2 107.40 3.46 0.00 0.00 1.00 
 
OH 1 80.00 2.75 0.00 0.00 0.00 
 
O 0 80.00 2.75 0.00 0.00 0.00 
 
O2 1 107.40 3.46 0.00 1.60 3.80 
N/H species N 0 71.40 3.30 0.00 0.00 0.00 
 
N2 1 97.53 3.62 0.00 1.76 4.00 
 
N2H2 2 71.40 3.80 0.00 0.00 1.00 
 
N2H3 2 200.00 3.90 0.00 0.00 1.00 
 
N2H4 2 205.00 4.23 0.00 4.26 1.50 
 
NH 1 80.00 2.65 0.00 0.00 4.00 
 
NH2 2 80.00 2.65 0.00 2.26 4.00 
 
NH3 2 481.00 2.92 1.47 0.00 10.00 
 
NNH 2 71.40 3.80 0.00 0.00 1.00 
N/O species NO 1 97.53 3.62 0.00 1.76 4.00 
 
NO2 2 200.00 3.50 0.00 0.00 1.00 
 
NO3 2 232.40 3.83 0.00 0.00 1.00 
 
N2O3 2 232.40 3.83 0.00 0.00 1.00 
 
N2O4 2 232.40 3.83 0.00 0.00 1.00 
 
N2O5 2 232.40 3.83 0.00 0.00 1.00 
 
N2O 1 232.40 3.83 0.00 0.00 1.00 
H/N/O species HNO 2 116.70 3.49 0.00 0.00 1.00 
 
HNOH 2 116.70 3.49 0.00 0.00 1.00 
 
HONO 2 232.40 3.83 0.00 0.00 1.00 
 
HNNO 2 232.40 3.83 0.00 0.00 1.00 
 
H2NO 2 116.70 3.49 0.00 0.00 1.00 
 
HONO2 2 232.40 3.83 0.00 0.00 1.00 
 
HNO2 2 232.40 3.83 0.00 0.00 1.00 
 
Where 
Geometry An index indicating whether the molecule has a monatomic, linear or 
nonlinear geometrical configuration. If the index is 0, the molecule is a 
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single atom. If the index is 1 the molecule is linear, and if it is 2, the 
molecule is nonlinear. 
ε/kB  The Lennard-Jones potential well depth in Kelvins. 
σ  The Lennard-Jones collision diameter in Angstroms. 
µ  The dipole moment in Debye.  
α  The polarizability in cubic Angstroms. 
Zrot  The rotational relaxation collision number at 298K. 
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Appendix D. Sensitivity Analysis 
 
 
A local sensitivity analysis was carried out in Section 6.3 for the absorption of nitrogen 
oxides in a 1.4 mm ID tube at 2 bar absolute with an inlet gas composition of 10% NO, 15% 
O2 and 75% H2O, and an inlet mass flux of 9.6 kg m-2 s-1.  
 
The normalised sensitivity coefficients were introduced in Section 5.8.1 as: 
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Where kα  represents the system parameter and LjC is the concentration of the aqueous 
species j, 
Lj
C , which was chosen as the monitored response. 
 
The analyses of the system parameters which produced relatively small sensitivities in the 
nitrous and nitric acid concentrations are shown in the following figures. These parameters 
are, in order: 
(a) Heat transfer coefficient of the coolant, ch  
(b) Heat transfer coefficient of the condensate film, Lh  
(c) Gas phase friction factor, Gf  
(d) Reaction rate constant for HNO2 disproportionation, fk ˆ6
ˆ  
(e) Reaction rate constant for hydrolysis of N2O4, fk ˆ4
ˆ  
(f) Mass transfer coefficient of N2O4 in the liquid, 
L4O2N
β  
(g) Reaction rate constant for hydrolysis of N2O3, fk ˆ5
ˆ  
(h) Mass transfer coefficient of N2O3 in the liquid, 
L3O2N
β  
(i) Henry's law constant for N2O4, 4O2NH  
(j) Henry's law constant for N2O3, 3O2NH   
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Figure D.1: Effects of a 10% increase in the model parameters ch , Lh , Gf  and fk ˆ6
ˆ  on the acid concentrations jz  for absorption in a 1.4 
mm ID tube at 2 bar absolute with an inlet gas composition of 10% NO, 15% O2 and 75% H2O, and an inlet mass flux of 9.6 kg m-2 s-1.        
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Figure D.2: Effects of a 10% increase in the model parameters 
f
k ˆ4
ˆ ,
L4O2N
β , 
f
k ˆ5
ˆ  and 
L3O2N
β on acid concentrations jz  for absorption 
in a 1.4 mm ID tube at 2 bara with an inlet gas composition of 10% NO, 15% O2 and 75% H2O, and an inlet mass flux of 9.6 kg m-2 s-1. 
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Figure D.3: Effects of a 10% increase in the model parameters 4O2NH and 3O2NH on the acid concentrations jz  for absorption in a 1.4 
mm ID tube at 2 bar absolute with an inlet gas composition of 10% NO, 15% O2 and 75% H2O, and an inlet mass flux of 9.6 kg m-2 s-1. 
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Appendix E. Absorber Design Calculations 
E.1 NOx Emissions 
 
The total volume of NOx gases emitted at 1 atm from the proposed 2 mm ID absorber with 
conditions similar to those of Table 7.1 and an inlet gas mass flux of 5.8 kg m−2 s−1 is: 
 
( )( )
( )
3
13
3
1-9
1116
elmicrochann,xNO
HNO 100%  tm 5.2
HNO  wt%31 st 105.32Pa 101325
K 59.306Kmol J 314472.8s mol1070.1
−
−
−−−−
=
×
×
=V
 
 
Using an average NOx emission of 1500 ppmv and tail gas flow of 3250 Nm3t-1 100% HNO3 
(EFMA 2000), with the normal cubic metre taken to be at 0°C and 1 atm, the volume of NOx 
gases typically emitted from industrial plants at 1 atm and an outlet gas temperature of 
33.4°C similar to that predicted by the model is: 
 
( )
3
13
3
13-3
industrial,xNO
HNO 100%  tm 5.5
K 59.306
K15.273
HNO 100%  tNm 3250101.5
−
−
=
×
×
=V
 
 
